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SECTION  I 


INTRODUCTION  AND  SUMMARY 


The  effort  under  this  contract  has  involved  investigations  of  the  frequency 
stability  characteristics  of  single-frequency  neodymium:YAG  lasers  and  of  the 
application  of  picosecond  laser  pulses  to  imaging  radar  problems. 

Section  II  of  the  report,  discusses  the  results  of  the  work  on  single-frequency 
YAO  lasqrs.  The  YAG  lasers  employed  in  this  investigation  incorporated  proprietary 
techniques  to  obtain  single  mode,  single-frequency  operation.  The  major  technical 
accomplishments  have  been:  fl)  the  locking  of  a  single -frequency  YAG  laser  to  the 
bandpass  of  a  high  finesse  Fabry-Perot  interferometer,  (2)  the  use  of  etalon  thermal 
tuning  for  coarse  frequency  control,  (3}  the  construction  of  a  second  single¬ 
frequency  laser  and  (41  the  heterodyning  of  the  two  single-frequency  YAG  lasers  at 
a  variable  frequency  offset. 

The  technique  used  to  obtain  single-frequency  operation  of  the  YAG  laser  was 
developed  under  corporate  sponsorship  prior  to  the  initiation  of  work  on  this 
contract.  An  article  describing  this  technique  has  been  accepted  for  publication 
in  Applied  Physics  Letters.  This  article  entitled,  "Single-Frequency  Traveling- 
Wave  Nd:YAG  Laser,"  by  A.  R.  Clobes  and  M.  J.  Brienza  has  been  included  as  Appendix 
I  of  this  report. 

Section  III  of  the  report,  discusses  the  application  of  picosecond  optical 
pulses  to  high  resolution  optical  imaging  radar.  The  particular  problem  discussed 
is  that  of  obtaining  images  of  distant  objects  in  situations  where  the  resolution 
or  signal  levels  are  insufficient  to  allow  the  use  of  conventional  imaging  techniques. 


The  use  of  coherent  signal  processing  techniques  in  the  microwave  region  has 
led  to  the  development  of  imaging  radar  systems  whose  resolution  is  much  better 
than  that  determined  by  the  diffraction  limit  of  the  transmitting  and  receiving 
apertures.  These  techniques  are  applicable  to  situations  in  which  there  is  relative 
motion  between  the  observer  and  the  target  to  be  imaged.  This  motion  leads  to  a 
doppler  shift  of  the  radar  return  from  a  point  scatterer.  For  an  extended  target 
there  will  be  differential  doppler  shift  between  different  parts  of  the  target, 
similarly,  an  extended  target  will  display  a  distribution  iq  range  of  the  radar 
return.  Coherent  processing  of  the  doppler  information,  in  conjunction  with  range 
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gating,  can  be  used  to  provide  high  resolution  imaging  of  the  target,  Bince  the 
imace  is  obtained  by  range-doppler  processing  of  the  return  rather  than  by  conven¬ 
tional  geometrical  optics,  there  are  situations  in  which  the  first  technique  can 
provide  better  resolution  than  the  second.  Coherent  imaging  techniques  have  been 
applied  very  successfully  to  synthetic  aperture  side-looking  radar  for  terrain 
mapping  and  to  mapping  of  the  planetary  and  especially  the  lunar  surfaces,  in  the 
•  •'rmer  case,  the  doppler  shift  is  provided  by  the  motion  of  the  aircraft  carrying 
: he  radar  and  in  the  latter  by  the  rotation  of  the  planetary  surface  with  respect 
*c  the  observer. 


IV'se 
ev;  •  '-“ivly 


techniques  can  be  extended  to  the  optical  region  and  should  allow 
high  resolution  imaging.  As  in  the  microwave  region,  the  resolution 
Miner]  can  be  better  than  that  obtainable  from  conventional  imavin,-. 


i.b.vt 


he  resolution  capability  of  a  coherent  imaging  radar  in  the  range  dir. cl-  .. 
is  determined  by  the  reciprocal  of  the  bandwidth  of  the  transmitted  signal.  The 
r-n< hit  ion  in  the  cross  range  direction  depends  upon  the  particular  configurat  ion 
being  considered,  but  can  ultimately  be  close  to  the  wavelength  of  the  transmitted 
signs i.  Both  of  these  resolution  limits  are  independent  of  the  target  range.  :■ 
contrast  to  the  linear  increase  of  the  resolvable  spot  size  with  range  in  a  cot.vcu- 
*  i  ■‘■Mrs  i  imaging  system. 


Continuous  trains  of  pulses  having  durations  of  the  order  of  lcr^0  seconds 
car,  presently  be  obtained  from  mode-locked  NdrYAG  lasers  at  a  wavelength  of  ] . •> 
microns.  This  would  imply  down  and  cross  range  resolutions  of  the  order  of  1  ,c;  cm 
and  10  cm,  respectively.  CO ^  lasers  offer  extremely  high  powers  and  high 
:f ’ iciency;  there  are  in  addition,  other  considerations  which  make  the  operation 
y.  >"i  Imaging  radar  more  attractive  at  10.6  microns  that  at  1.06  microns.  Presen*- 
and  suitable  modulators,  however,  lack  the  bandwidth  to  all  w  resolution 
appn-.fvhing  that  obtainable  with  a  neodymium  laser. 


Section  IV  of  this  report,  discusses  some  experimental  configurations  that 
can  be  used  for  doppler  processing  of  optical  .radar  signals.  Experimental  data 
are  presented  that  show  two  dimensional  images  of  a  laboratory  target  that  were 
obtained  by  doppler  processing  in  combination  with  a  scanning  beam. 

fhe  development  of  stable,  single-frequency  YAG  lasers  and  the  locking  of  these 
lasers  together  constitutes  a  highly  significant  technical  accomplishment  and  will 
be  important  for  many  of  the  applications  forecast  for  NdrYAG  lasers. 

The  extension  of  micorwave  synthetic  aperture  radar  techniques  into  the 
optical  region  should  greatly  enhance  the  capabilities  of  optical  radar  systems 
and  will  allow  images  of  certain  types  of  targets  to  be  obtained  that  could  not 
be  obtained  in  any  other  way. 
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II.  FREQUENCY  INSTABILITIES  IN  THE  SINGLE-FREQUENCY  Nd:YAG  LASER' 


Single -Frequency  NdjYAG 


Frequency  variation  of  the  single-frequency  NdrYAG  laser  output  is  of  two 
tyDr>s  The  first  is  a  "quantized"  frequency  change  in  which  the  laser  output 
Jumps  from  one  cavity  mode  to  the  adjacent  mode.  The  particular  cavity  mooe 
vhich  oscillates  is  determined  by  the  band  pass  of  an  intracavity  etalon.  As 
the  temperature  or  angle  of  the  etalon  changes,  the  band  pass  peak  shif.  in 
frequency  and  it  is  the  cavity  mode  nearest  this  peak  which  oscillates. 


Th«  second  type  of  frequency  variation  arises  from  changes  in  the  cavity 
mirror  spacing  due  to  thermal  effects,  and  to  variation  in  the  optical  path 
length  due  to  changes  in  index  of  refraction  of  cavity  material,  ouch  index 
changes  result  from  variation  of  either  the  pump  power  or  of  the  roe  cooling 
rate°or  from  changes  in  the  ambient  air  temperature  of  pressure.  Both  types 
of  frequency  instability  will  be  considered  in  more  detail  below. 


The  "quantized"  frequency  change  in  the  laser  output  is  shown  in  Fig.H-1 
which  is  a  time  exposure  of  the  Fabry-Perot  display.  The  laser  oscillates  in 
on-  cavity  mode  and  then  jumps  to  the  adjacent  mode  which  is  separatee  by. 
approximately  500  MHz.  The  deleterious  effect  of  this  change  is  that  during 
the  transition  the  laser  will  oscillate  in  both  modes  simultaneously  and  the 
outout  is  no  longer  at  a  single  frequency.  The  particular  cavity  mode  which 
oscillates  is  determined  by  the  band  pass  peak  of  an  intracavity  etalon.  s  e 
temperature  or  the  angle  of  the  etalon  changes,  the  band  pass  peak  shifts  in 
frequency  and  it  is  the  cavity  mode  nearest  this  peak  which  oscillates.  For  now 
consider  only  the  temperature  dependence.  The  effect  can  be  understood  by  re  or.  11 
+  trier  TT-2  where  the  etalon  transmission  characteristic  has  been  intentionally 
exaggerated.  If  the  temperature  of  the  etalon  changes  from  T^  to  Tg  ,  the  positioi 
0f  the  transmission  peak  will  shift  and  the  laser  will  oscillate  at  a  new  cavity 
mod-  which  is  displaced  in  optical  frequency  from  the  original  frequency.  Assume 
that  the  cavity  mode  spacing  remains  constant  with  a  change  in  the  etalon  tempera- 
ture.  The  shift  in  the  laser  operating  frequency  due  to  the  etalon  effect  is 
quantized  in  the  sense  that  the  transmission  peak  can  take  an  excursion  equal 
to  one-half  the  cavity  mode  spacing  before  a  frequency  change  occurs.  Another 
point  to  be  made  is  that  the  band  pass  peaks  of  the  etalon  are  separated  by 
c/2nf  where  /  is  the  length  of  the  etalon  and  n  is  its  index  of  refraction.  The 
laser  will  oscillate  at  the  cavity  mode  which  is  nearest  to  the  band  pass  peak 
of  the  etalon  transmission  which,  in  turn,  is  nearest  to  the  maximum  of  the  laser 

gain  profile  curve. 
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The  transmission  peak  of  the  stalon  formed  by  a  intracavity  Hat-ended 
component  is  at  a  frequency  given  by 

f  -  q—  (0 

2nt 


where:  q  =  a  large  integer 

n  =  index  of  refraction 
t,  =  length 

We  assume  that  both  n  and  J, depend  on  temperature,  and  that  the  dependence  oi  n 
on  f  can  be  neglected. 

The  laser  -will  oscillate  at  the  cavity  mode  which  is  nearest  in  frequency  to 
the  eta Ion  transmission  peak.  Of  interest  is  the  temperature  tuning  character¬ 
istic  of  the  transmission  peak  which  is  given  by: 

df  =  _f  ^  1  dn  +  1  dA  |  (2) 

dT  j  n  dT  >.  cT  ) 


The  coefficient  of  linear  thermal  expansion  is  given  by: 


(3} 


+  O'  [  =  -  T\f  (*0 


The  optical  frequency  of  the  transmission  peak  depends  on  two  terms,  one 
representing  the  change  in  index,  the  other  the  change  in  length  of  the  component 
and  the  combined  effect  is  given  by  T|  which  is  a  material  constant. 

The  intracavity  etalon  in  the  laser  is  made  of  fused  quartz  with  T\  -  .5  x  10"5/°C 
and  therefore  df/dt  =  1.4  GHz/°C.  If  the  maximum  allowable  frequency  excursion 
of  the  transmission  peak  is  +  250  MHz,  before  the  laser  begins  to  oscillate  at 
the  adjacent  cavity  mode,  the  etalon  temperature  needs  to  be  held  to  within 
+  ,l8°C.  The  required  temperature  stability  is  achieved  by  placing  the  etalon  in 
a  commercially  available  crystal  oven. 


1 

a  =  - 

i.  dT 

Thus, 

df  _  _f  j  1  dn 
dT  |  n  dT 


TT.O 
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It  is  known  that  the  laser  rod  can  also  appear  as  a  mode  selecting  etalon 
even  though  the  ends  of  the  rod  are  anti-reflection  coated  (  <.2  percent  re¬ 
flectance).  This  is  apparent  from  a  Fabry-Perot  display  of  the  laser  output 
where  the  optical  modes  are  found  to  be  near  multiples  of  c/2nL  where  nL  is 
the  optical  length  of  the  rod.  If  the  band  pass  peak  of  the  rod  etalon  deter¬ 
mines  the  cavity  mode  which  oscillates,  and  if  the  maximum  frequency  excursion 
of  this  peak  is  +  250  MHz,  then  the  temperature  of  the  laser  rod  (  T]  =  1.1  x 
10  /°C)  needs  to  be  held  within  +  .0£f  C.  Holding  the  rod  temperature  within 

this  range  is  very  difficult  because  of  fluctuation  in  the  rod  cooling  water 
temperature,  varying  cooling  rates  between  the  rod  and  the  water  due  to  water 
turbulence,  and  varying  thermal  input  to  the  rod  because  of  pump  lamp  variations. 
For  this  reason,  it  is  necessary  either  completely  eliminate  the  rod  etalon  or 
to  make  it  a  very  low  finesse  etalon  compared  to  another  intracavity  etalon  which 
can  be  carefully  controlled  in  temperature. 


A  change  in  the  laser  operating  frequency  can  also  result  from  an  angular 
change  of  the  intracavity  etalon  with  respect  to  the  beam  axis  of  the  laser 
(Ref .  ii-i)  .Consider  an  etalon  of  length  4,  refractive  index  n  and  inclined  to 
the  incident  beam  at  a  small  angel  0 .  The  internal  angle  between  the  light  path 
and  the  normal  to  the  etalon  surface  is  ft'  9/n.  The  transmission  maximum  of  the 
etalon  is  given  by: 

2nf,  cos  (0  ' )  =  MX  M  is  an  integer  ((5) 


For  small  9 ' , 

2  2 

2:vt  (1  -  9  /2n  )  =  M  (  X  -  AX )  (6) 

o 

where  X  is  the  resonant  wavelength  for  9  =0;  i.e.,  2 nt  =  MX  ,  and  AX  is  the 
o  o 

shift  in  the  transmission  peak  due  to  the  tilt.  It  follows  that 

2 

AX  =  ~X9 


(7) 


2n 


or 


Af  = 


f  9 


2n 


(8) 


The  angle  tuning  curve  depends  only  on  the  index  of  refraction  and  not  on  its 
length.  The  angular  tuning  curve  is  also  quantized  in  the  sense  that  the 
transmission  peaks  must  be  shifted  by  more  than  one-half  the  cavity  mode  spacing 


tt  _  n 
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before  a  frequency  change  will  occur.  As  an  example,  suppose  that  the  transmissior 
peak  can  shift  +  250  MHz  before  the  laser  jumps  to  the  adjacent  cavity  mode.  The 
fused  quartz  etalon  (n=l.S)  needs  to  be  held  rigidly  enough  so  that  its  angle 
with  respect  to  the  beam  axis  does  not  change  by  more  than  +  2  miilirad.  In 
tilting  the  etalon,  the  optical  path  length  of  the  cavity  changes  slightly 
and  this  gives  rise  to  a  change  in  the  laser  operating  frequency  which  is 
usually  negligible.  It  should  be  pointed  out  that  even  if  the  intracavity  optical 
component  is  held  perfectly  rigid,  it  is  the  relative  angle  between  the  laser 
beam  axis  and  the  normal  to  the  etalon  surface  which  is  important  so  that  any 
beam  wander  in  angle  caused  by  index  changes  in  the  laser  rod,  for  example, 
could  cause  an  angular  tuning  effect. 

The  role  of  intracavity  etalons  in  determining  the  frequency  stability  of  a 
single-frequency  laser  has  been  considered.  The  main  effect  of  etalons  is  to 
cause  "quantized"  frequency  changes  in  which  the  laser  output  jumps  from  one 
cavity  to  the  adjacent  mode  due  to  a  shift  in  the  etalon  transmission  peak.  The 
importance  of  holding  the  etalon  temperature  and  angle  within  narrow  limits  is 
apparent.  The  other  aspect  of  frequency  stability  in  the  Nd:YAG  laser  is  that 
of  changes  in  the  cavity  frequency  due  to  variation  of  the  cavity  length  caused 
by  index  of  refraction  perturbations  of  the  material  in  the  laser  cavity  or  from 
changes  in  the  cavity  mirror  spacing  due  to  temperature  changes  in  the  support 
structure.  This  type  of  frequency  variation  is  shown  in  Fig. 1 1-3.  A  small  length 
change  hi  together  with  a  refractive  index  change  in  An  occuring  in  a  fraction 
f  of  the  total  length  of  the  cavity  results  in  a  shift  in  the  oscillation  frequenc. 
given  by: 

-  Af  /A l 

-  =  [  —  +  fAn 

f  u 


The  change  in  frequency  with  changes  in  the  cavity  length  l  has  been  separated 
into  two  parts:  ^l/t  represents  the  change  in  length  of  the  cavity  due  to 
changes  in  the  physical  distance  between  the  cavity  mirrors,  and  a  part  fAn  .which 
represents  a  change  in  the  optical  length  of  the  cavity  due  to  index  of  refrac¬ 
tion  changes  in  the  cavity  medium.  The  factors  which  contribute  to  the  hl/l 
term  are  temperature  changes  in  the  cavity  produced  either  by  variations  in  the 
ambient  or  by  variations  in. the  input  power  to  the  laser  which  changes  the  thermal 
load  on  the  surrounding  cavity  structure.  For  a  change  in  temperature  AT,  hl/l 
is  simply  aT  where  a  is  the  coefficient  of  thermal  expansion  of  the  spacer 
material  separating  the  mirrors  which  make  up  the  optical  cavity.  The  changes  in 
frequency  of  oscillation  caused  by  hi jl  are  relatively  slow  due  to  the  thermal 
mass  of  the  spacer  material. 


ii-b 
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The  second  term  in  Eq.  (9)  is  due  to  changes  in  the  optical  path  length  of 
the  cavity  due  to  variation  of  the  index  of  refraction  in  the  cavity  medium. 
Changes  in  ambient  temperature,  pressure,  and  humidity  change  n,  and  therefore, 
tho  optical  length  of  the  cavity.  Another  important  index  change  is  due  to  the 
NdrYAG  laser  material  which  arise  from  variations  of  the  input  power  to  the 
laser  rod,  or  changes  in  the  rate  of  cooling  of  the  rod.  These  effects  and 
their  magnitude  are  summarized  in  Table  I. 


TABLE  I 


Source  of 

Frequency  Change 

Af 

T 

Magnitude  of 
Constant 

Thermal  Expansion 
of  Cavity 

q?aT 

or  =  1  x  10  /°C 

Atmospheric  Temperature 

3t  =  9-3  x  10" '/° C 

Atinsopheric  Fressure 

faVP 

0  =  3.7  x  lo’^/Torr 

P 

Laser  Rod  Index  Change 

f  dn_  at 

rdt 

£2  =  7.3  x  10-6/°C 

dt 

To  put  this  into  better  perspective,  again  consider  Eq.  (9).  Substituting  for 
AL/L  and  the  terms  which  contribute  to  An  (from  Table  I). 

'  =  (a  +  f  3 _)  AT  +  f  3  AP  +  f  dn  aT  (10) 

•  f  a  T  c  a  p  n  dT  ^  R 

where  AT  is  the  change  of  the  cavity  structure  and  ambient  air  temperature,  ATP 
is  the  change  in  the  laser  rod  temperature  and  AP  is  the  change  in  ambient  K 

air  pressure.  For  a  cavity  structure  made  from  invar  (  01 =  10"^° C)  and  for  a 
laser  rod  which  occupies  .1  the  total  cavity  length, 

-7  -7  -7  -7 

'=  (10  +  ei.4  x  10"  )  AT  +  3.3  X  10  AP  +  7.3  X.  10  AT  (n) 

c  R 


-Af 

f 


L920479-36 


12 


At  constant  pressure,  the  resultant  cavity  frequency  shift  due  to  AT  is  com¬ 
parable  in  magnitude  to  the  shift  due  to  AT  .  The  relative  importance  of  the 
terms  in  Eq.  (ll)  can  be  put  in  better  perspective  by  realizing  that  chancy-.:  in 
AT.,  and  AP  occur  relatively  slowly  over  a  period  of  tens  of  minutes  and  hours 
and  they  result  in  a  long  term  "drift"  of  the  cavity  optical  frequency.  On  the 
other  hand,  the  temperature  of  the  laser  rod  is  the  result  of  a  delicate  balance 
between  the  incident  pump  power  and  the  cooling  rate  and  this  balance  can  easily 
be  upset  by  a  flicker  in  the  lamp  or  bubbles  in  the  cooling  water.  The  laser 
rod  temperature  can  change  in  a  fraction  of  a  second  and  it  is  the  resultant 
cavity  frequency  changes  in  this  time  period  which  can  be  termed  a  frequency 
instability.  Progress  has  been  made  toward  reducing  the  temperature  fluctua¬ 
tion  in  the  laser  rod.  A  comparison  of  Krypton  arc  lamps  showed  the  ILC  L66l 
lamp  to  have  excellent  amplitude  stability  with  no  tendency  for  arc  wander  and 
this  is  the  lamp  being  used  in  the  single-frequency  laser.  Even  better  lamp 
stability  could  be  expected  using  tungsten  filament  lamps  but  this  would  be  at 
the  expense  of  the  laser  output  power.  Uneven  cooling  of  the  laser  rod  has  boon 
reduced  by  cladding  the  rod  with  a  thin  walled,  transparent,  fused  quartz  sleeve 
(Ref.  II-  2  )  ,  which  extends  the  entire  length  of  the  rod.  The  sleeve  has  a 
thermal  damping  effect  which  integrates  out  any  short  term  temperature  fluctua¬ 
tions  in  the  laser  rod. 

Frequency  Stabilization  of  the  Nd : YAG  Laser 

In  order  to  relax  the  minimum  temperature  variation  which  can  be  tolerated 
on  the  cavity  structure,  a  feedback  loop  is  incorporated  to  further  frequency 
stabilize  the  output  of  the  single-frequency  Nd:YAG  laser.  The  requirement  on 
the  cavity  structure  and  rod  temperature  are  that  they  occur  relatively  slowly 
so  that  a  feedback  loop  of  a  reasonable  bandwidth  can  follow  these  changes . 
Feedback  stabilized  lasers  incorporate  basically  the  same  elements  as  are 
utilised  in  stabilizing  oscillators  operating  at  lower  frequencies  (Ref.II-3). 

(  oinrnon  to  such  systems  is  a  null  type  frequency  discriminator  which  converts 
deviation  in  the  oscillator  frequency  from  a  reference  frequency  into  a  modulated 
ac  error  signal.  The  amplitude  and  phase  of  the  error  signal  depend  on  the 
magntidue  and  sign  of  the  frequency  deviation  from  the  reference.  After  phase 
sensitive  detection  of  the  error  signal,  the  resultant  dc  signal  is  used  to  drive 
the  oscillator  frequency  towards  the  discriminator  null  frequency.  The  short 
term  response  of  such  a  system  depends  on  the  feedback  loop  bandwidth  and  the 
phase  sensitive  detector  sensitivity.  The  long  term  stability  of  the  system 
is  no  better  than  the  stability  of  the  reference. 


Central  to  a  system  of  this  type  is  the  frequency  discriminator  and  since 
only  relative  frequency  stabilization  is  of  interest  the  problem  is  greatly 
simplified.  Such  discriminators  have  been  devised  which  are  based  on  the  inter¬ 
ference  between  two  differentially  delayed  beams  in  a  Michelson  interferometer 
type  of  arrangement ( Ref .11-4).  The  delay  may  be  introduced  by-  differences  in 
geometrical  path  length  or  by  differences  in  refractive  index.  However,  Michelson 
interferometer  discriminators  are  not  very  attractive  when  compared  to  high  Q 
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resonant  cavity  discriminators.  Frequency  stabilizers  based  on  the  use  of  high 
Q  cavities  have  been  used  extensively  in  microwave  systems  since  their  development 
by  Pound  in  1946  (Ref.P3)*  Analogous  system  have  been  used  at  optical  frequencies 
however,  due  to  difficulties  in  preserving  the  relative  phase  in  the  bridge  arms, 
proposals  for  using  optical  cavities  as  discriminators  have  generally  been  based 
on  their  power  tranmission  or  reflection  properties  rather  than  on  their  phase 
characteristics.  (Ref.  II-5). 


Optical  cavities  suitable  for  use  in  a  frequency  stabilization  loop  for  the 
I’d: Y A G  laser  are  available  commercially  as  scanning  Fabry-Porot  interferometers 
(SFP).  These  instruments,  available  from  Tropel  and  Coherent  Optics  and  others, 
are  normally  used  as  optical  spectrum  analyzers  (Ref.II-6)  for  the  analysis  of  the 
laser  optical  modes,  and  without  modifications,  they  are  useful  as  the  discrimina¬ 
tor  in  the  closed-loop  stabilization  scheme.  The  principle  of  operation  is 
illustrated  in  Fig.H-4-.  The  center  band-pass  frequency  of  the  SFP  cavity  is 
modulated  at  an  audio  rate,  and  the  effect,  of  this  cn  the  transmitted  laser 
power  is  monitored  with  a  photodetector.  Vhen  the  laser  output  drifts  to 
one  side  of  the  reference  cavity  response,  the  output  will  be  amplitude 
modulated  at  the  r-avity  modulation  frequency.  On  the  other  side  of  the  reference 
cavity  resonance,  a  signal  of  the  opposite  phase  will  result.  A  phase  sensitive 
detector  tuned  to  this  audio  frequency  may  be  used  to  derive  from  the  laser 
output  a  dc  signal  whose  amplitude  is  proportional  to  the  deviation  from  the 
center  of  the  deviation.  The  resultant  signal,  after  amplification,  may  be 
used  to  control  the  frequency  of  the  laser  cavity  by  a  PZT  driver  mirror  so 
that,  the  output  is  stabilized  on  the  center  of  the  reference  cavity  response. 


The  output  of  the  single -frequency  I!d:YA.G  laser  was  stabilized  using  a 
commcrically  available  (Lansing  Model  80.210)  feedback  loop  shown  in  Fig.II-5* 
The  reference  cavity  was  a  Coherent  Optics  Model  470  Fabry-Perot  interferometer 
of  8  GHz  free  spectral  and  a  finesse  of  approximately  125.  The  resultant  half 
width  of  the  cavity  resonance  is  approximately  65  MHz.  The  frequency  discrimi¬ 
nant  was  obtained  by  dithering  the  reference  cavity  center  frequency  at  a  520 
Hz  rate.  Typically  a  .05  to  .1  volt  (RMS)  dither  voltage  resulted  insufficient 
modulation  of  the  optical  signal  for  lock-in.  The  dither  voltage  could  just  as 
well  be  applied  to  the  PZT  mirror  on  the  laser  cavity.  The  dc  bias  on  the  SFP 
is  used  to  initially  center  the  pass -band  at  the  laser  operating  frequency.  A 
bias  change  of  4-0  volts  resulted  in  a  scan  of  one  free  spectral  range,  or  8  GHz. 
The  dc  signal  output  of  the  phase  demodulation  was  amplified  and  applied  to  PZT 
driven  mirror  on  the  single  frequency  laser.  A  second  SFP  of  1.5  GHz  free 
spectral  range  and  a  finesse  of  approximately  150  was  used  to  monitor  the  laser 
output  as  is  shown  in  Fig.  II-6. 
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A  comparison  of  the  free  running  and  the  stabilized  laser  output  is  shown  m 
Fig. I 1-7.  Without  stabilization,  the  User  output  frequency  ranges  over 
approximately  +  60  MHz  in  a  10  second  time  period.  This  frequency  shift  is  due 
primarily  to  small  changes  in  the  pump  power  and  in  the  rod  cooling,  rat-  and 
with  stabilisation,  the  frequency  excursions  are  reduced  to  +  15  MHz.  The  range 
of  frequency  excursion  over  a  number  of  minutes  observation  period  does  not 
change  significantly  from  these  values.  The  laser  has  remained  stabilised  lor  a 

period  up  to  5  hour. 

Much  better  stabilization  could  be  expected  by  using  a  faster  responding 
feedback  loop.  This  evidence  in  Fig.  8  where  the  envelope  of  the  detected  520 
Hr.  modulation  signal  is  shown  for  a  free  running  laser.  The  amplitude  of  the 
-nv-lope  changes  as  the  unstabilized  laser  output  sweeps  through  the  pass -band- 
of  the  reference  cavity.  As  can  be  seen,  there  are  frequency  components  to  10  Hz 
and  above  while  the  feedback  loop  response  is  limited  to  approximately  1  Hz. 

Of  course,  as  the;  loop  bandwidth  is  increased,  noise  and  loop  stability  becomes 
a  problem.  The  ultimate  limit  to  the  loop  response  is  set  by  the  mechanical 
resonances  of  the  PZT  mirror  combination. 

Single -Frequency  Nd:YAG  Laser  Heterodyne 


Heterodyne  of  the  MdtYAG  laser  presents  special  problems  in  the  sense  that  the 
rain  profile  is  very  broad,  spanning  a  frequency  range  of  approximately  150 
GHz  With  no  etalon  in  the  cavity  the  laser  will  oscillate  at  the  cavity  mode 
nearest  to  theppeak  of  the  gain  profile.  In  practice,  however,  there  usually 
are  an  intracavity  etalons  and  the  laser  will  oscillate  at  tlv>  cavity  mode 
which  is  nearest  to  the  peak  of  the  etalon  transmission  curve  which,  in  turn,  in 
nearest  to  the  peak  of  the  gain  profile  curve.  Two  IldrYAG  lasers,  although 
identically  constructed  and  using  rods  made  from  the  same  boule  of  raw  material 
could  oscillate  a  number  of  GHz  apart.  The  maximum  the  laser  frequency  can  be 
shifted  by  PZT  movement  of  a  mirror  is  the  cavity  mode  spacing  which  for  this 
laser  is  500  MHz.  There  are  situations,  such  as  optical  heterodyn-  of  two  laser 
sources  or  laser  oscillator-amplifier  configurations  where  it  is  necessary  to 
shift  the  laser  frequency  by  an  amount  greater  than  that  available  from  mirror, 
mov-ment  alone.  The  temperature  or  angle  variation  of  an  intracavity  etalon  as 
discussed  previously,  can  be  used  to  increase  the  tuning  range  of  the  single- 
fr-quoncy  !!d:YAG  laser.  By  placing ’the  etalon  in  a  temperature  controlled  oven, 
the  maximum  tuning  range  is  equal  to  the  c/2n(,  frequency  of  the  exaion.  For  a 
1  —  1-ngth  of  used  quartz  this  frequency  range  is  10.3  GHz  which  is  covered  in 
a  temperature  range  of  J.h°C.  If  a  1  cm  length  of  calcite  were  used  instead,  the 
c/2n*.  fr-quency  would  be  10.1  GHz  which  would  be  covered  in  a  t-mperature  chanpe 
of  2h° C .  By  using  a  shorter  etalon,  i.e.,  one  with  a  larger  free  spectral  range, 
-or T’°s pondir.gly  larger  tuning  ranges  could  be  achieved.  The  etalon  can  be  used 
for*  course  frequency  adjustment  of  the  laser  to  within  one  cavity  mode  spacing 
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of  the  desired  frequency.  PZT  movement  of  a  cavity  mirror  can  then  be  used  for 
the  fine  frequency  adjust. 

The  etalon  thermal  tuning  technique  for  control  of  the  laser  operating  frequency 
to  within  one  cavity  mode  spacing  (approximately  500  MHz)  was  verified  by  placinr 
the  intracavity  etalon  in  a  variable  temperature  oven.  A  unifrom  increase  or 
decrease  of  the  oven  temperature  resulted  in  a  monotonic  shift  of  the  laser 
frequency  from  one  cavity  mode  to  the  adjacent  mode  as  is  shown  in  Fig.  II-9* 
laser  was  swept  over  a  2  GHz  frequency  range,  which  is  the  free  spectral  range 
of  the  etalon,  using  this  technique.  The  slight  nonuniformity  in  the  spacing 
of  the  observed  modes  is  due  to  the  shift  of  the  cavity  mode  frequency  due-  to 
variation  of  the  cavity  length  during  the  2  minute  scan.  Fine  frequency  control 
within  the  500  MHz  cavity  mode  spacing  was  achieved  by  PZT  movement  of  a  cavity 
of  the  tuning  range  has  frequently  been  observed  and  the  reason  for  it  is  not 
understood.  Thus,  it  was  verified  that  the  laser  output  frequency  could  be  con¬ 
tinuously  varied  over  a  2  GHz  range.  It  should  be  mentioned  that  electrooptic 
or  piezoelectric  methods  could  also  be  used  to  vary  the  length  of  the  intra¬ 
cavity  etalon  but  temperature  tuning  is  in  the  most  convenient  in  the  present 

experiments . 

Y/ith  frequency  control  of  the  laser  output  it  is  now  possible  to  heterodyne 
two  single -frequency  Iid:YAG  lasers  at  a  variable  frequency  offset  using  the 
experimental  configuration  shown  in  Fig.II-11.  A  second  laser,  identical  to  the 
one  already  operating,  was  constructed.  Both  lasers  used  3  x  63  mm  rods  which 
were  cut  from  the  same  boule  of  raw  material  and  it  is  expected  that  the  peak 
of  the  gain  curve  for  the  two  lasers  should  be  nearly  at  the  same  frequency.  A 
Motorola  MRD-500  PIN  photodiode  with  a  frequency  response  to  approximately  2  GHz 
was  used  as  the  detector.  Also  available  is  a  Philco  L  4501  diode  which  has  a 
response  to  10  GHz.  The  photodiode  output  was  displayed  on  an  HP  8551B  spectrum 
analyzer.  On  heterodyning  the  output  from  the  two  lasers  a  beat  signal  at 
approximately  1.6  GHz  was  immediately  observed.  The  difference  frequency  was 
then  varied  from  approximately  10  MHz  (the  minimum  useful  frequency  of  the 
spectrum  analyzer)  to  2  GHz  by  temperature  tuning  of  one  etalon  and  PZT  mirror 
movement.  A  typical  beat  signal  is  shown  in  Fig. 11-32.  The  stability  of  the 
resultant  signal  was  approximately  +  MHz  over  a  10  second  observation  period  and 
this  is  consistent  with  the  Fabry-Perot  display  where  each  oscillator  varies 
over  a  +  60  MHz  range  during  the  same  observation  period.  It  was  verified  that 
the  two  lasers  operate  well  within  the  etalon  thermal  tuning  range. 

Initial  attempts  to  lock  the  two  lasers  together  at  a  zero  frequency  offset 
were  unsuccessful  using  a  Lansing  Model  80.210  lock-in  stabilizer.  This  unit, 
which  had  been  used  to  lock  the  laser  output  to  a  stable  Fabry-Perot  frequency 
reference,  does  not  have  adequate  bandwidth.  In  the  next  attempt,  one  laser 
will  be  stabilized  by  locking  it  to  the  Fabry-Perot  reference  cavity  and  the 
second  laser  will  then  be  locked  to  this  stabilized  laser. 
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FIG.n-7 


STABILIZED  SINGLE-FREQUENCY  Nd:  YAG  LASER 


10  sec  EXPOSURE 
57  MHz/div 


a)  USER  STABILIZED 


b)  LASER  FREE-RUNNiNG 
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FIG.  31-9 

TEMPERATURE  TUNING  OF  Nd.YAG  LASER 
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fig.  a- 10 


PZT  MIRROR-TUNING  OF  Nd:YAG  LASER 


Nd:YAG  SINGLE-FREQUENCY  HETERODYNE  EXPERIMENT 
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FIG.  II- 12 


HETERODYNED  SIGNAL  FROM  TWO  SINGLE-FREQUENCY  Nd:YAG  LASERS 
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HI.  DISCUSSION  OF  COHERENT  IMAGING  PROBLEMS 


Synthetic  Aperture  Techniques 


The  section  briefly  reviews 
imaging  radar  (Refs.III-l  and  2 


sane  of  the  basic  principles  involved  in 


a  coherent 


<iiff^=tin2itTtrdar  f“Slnf,SyStem'  the  "»<**««  is  determined  by  the 
diffraction  limit  of  the  system,  which,  with  an  aperture  D  and  a  wavelength  1,  is, 

49  =  X/D 

So  that  the  resolution  at  a  distance  R  is 


UA  =  AK/D 

The  maximum  size  of  the  aperture  is  determined  by  scintillations  and  angle  of 

addition  UCt^tXOnS  in  the  visible  and  infrared  regions  of  the  spectrum  and  in 
addition,  in  the  microwave  region,  by  fabrication  problems.  In  the  visible  region 

the  largest  useable  aperture  is  of  the  order  of  10  cm.  At  10.6  n  it  is  approxi-  ’ 
mately  one  meter*.  Microwave  apertures  of  tens  to  hundreds  of  meters  or  larger 
have  been  successfully  operated.  In  the  visible  and  IR  regions  then  t i  e  minimum 
earn  width  is  approximately  10-5  radians.  Obtainable  resolution  is 


R  (km) 

AX  (meters) 

1 

.01 

10 

.1 

100 

1 

200 

2 

1000 

10 

3  x  10^ 

300 

5  x  105 

5  x  103  (moon ). 

Setting  aside  considerations  of  detectability  for  the  moment,  obtaining  an 

rLl  Tf  t°h  elllltfeW  rterS  ln  SlZe  at  a  dlstance  0f  ^  *e 

-  r  edge  of  the  capability  of  a  conventional  imaging  svstem  +• 

using  short  pulses  or  duration  t  can  provide  down-range  resolute  of  thfoS^of 

Zt  ZTT1VT-  T*'™*  PUlSeS  “  resolute  o?  the 

°  ™  n°  Sh“rter  pulses  correspondingly  better  resolution.  If  periodic 

trains  of  pulses  can  be  processed  coherently,  then  comparable  or  better  cross 
range  resolution  on  moving  targets  can  be  obtained  from  doppler  Information 


*2\h0hT"CVrea  a^"aly  lnCreaeS  “  XV5  and  dePends  »  the  state  of  turbulenc 
Ref  S,app°ll8-ei5i.  ValU6S  USed  here  are  1ulte  optimistic.  See,  for  example. 
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Coherent  synthetic  aperture  techniques  can  he  used  whenever  there  is  relati 
motion  between  the  radar  and  the  target.  Two  cases  are  usually  considered,  the 
rotating  body  range-doppler  imaging  used  in  radar  astronomy  and  the  side-looking 
radar  used  for  terrain  tapping.  Fig.  III-la shews  the  geometry  for  a  rotating 
sphere  and  FigHt-lb  for  a  rotating  cylinder.  Range  gating  provides  resolution  in 
the  down  range  direction,  and  doppler  processing  provides  the  resolution  in  the 
cross  range  direction.  In  the  simple  case  of  the  rotating  sphere,  the  c^tour"  °f 
constant  velocity  are  parallel  to  the  axis  of  rotation  as  shown  and  together  ,ith 
the  contours  of  constant  range,  provide  a  coordinate  system  on  the  target.  The 

doppler  shift  is  given  by 

UJV  _  Uiflx 

<*>d  =  2  -5-  =  2  ~ 

where  Cl  Is  the  rotation  rate  of  the  target,  and  x  is  distance  from  the  axis  of 
rotation . 

The  resolution  in  x  will  depend  on  how  well  we  can  resolve  the  doppler  frequency, 


where  M>dr  is  the  doppler  frequency  resolution  limit.  If  we  observe  the  target 
for  a  time  T,  then  A(U^r  «  2tt/T  and 

_  2ttC  X  _  _X_ 

AX  2uu  QT  =  2QT  2A9 

/ 

where  A6  is  the  angle  through  which  the  target  has  tuned  during  the  observation 
time  T.  The  cross  range  resolution  can  be  very  good  at  optical  wavelengths.  T  ■ 

is,  of  course,  the  problem  of  movement  of  features  through  the  resolution  elements 
during  the  observation  time.  Th  \>e  are  techniques  to  handle  this.  We  can  estimate 
the  magnitude  of  this  effect.  Thv  x  or  cross  range  position  of  a  given  feature 
will  change  by  6x  =  RA9  during  the  observation  time,  and  if  it  is  not  to  move  ou 
of  a  range  resolution  cell 

.  X 

6x  =  R  A  0  <  Ax  -  p.o 


R  A  6  A  x  <  A  )T 


<  A* 


U 
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So  that  if  X  =  10  n  R  =  10  meters 


?  10-5  .  io 

A  x*  >  - - - 


1  ? 

A  x  >  —  10“^  meters 

/2 


i.e.,  as  long  as  we  do  not  try  to  resolve  tetter  than  about  1  cm.  The  motion 
of  features  through  doppler  resolution  lines  will  not  be  a  great  problem. 


The  other  commonly  discussed  case  of  synthetic  aperture  imaging  is  in  the 
side- looking  radar  case  as  shown  in  FigIII-2.  Here  the  contours  of  constant  doppler 
shift  are  the  lines  of  constant  azimuth.  The  doppler  shift  is 


(JUC 


=  2  SHi  sin  0  «  2  Ug.  0  for  small  6 


In  this  case  the  maximum  observation  time  is  determined  by  the  time  the  target 
is  in  the  beam.  If  the  beam  width  is 


60  =  — 


D 


then  the  extent  of  the  beam  at  a  distance  R  is 

XR 


60  R  = 


D 


and  the  target  will  move  out  of  the  beam  in  a  time 

XR 


T  = 


Dv 


So  that  the  frequency  resolution  A  uudr  is 


A  u) 


2ttDv 


dr 


XR 


the  resolvable  angle  is  thus 


A  9  = 


2(juv  A  ^dr 


=  2ttDv 


£  -jjj 

XR  '  cuv  2R 
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and  the  resolvable  cross  range  coordinate  is  A9R  =  Ax  =  D/2.  The  apparently 
contradictory  result,  that  the  resolution  improves  as  the  aperture  gets  smaller,  is 
simply  a  result  of  the  fact  that  the  time  during  which  the  target  is  illuminated, 
and  hence,  the  max tmuiK  processing  time,  increases  as  the  beam  gets  broader.  Clearly, 
there  is  no  advantage  to  be  gained  by  reducing  the  aperture  to  dimensions  smaller 
than  a  wavelength,  since  at  this  point  the  radiation  pattern  becomes  nearly  iso¬ 
tropic  and  no  further  increase  in  the  processing  time  is  possible.  This  also 
results  in  a  large  reduction  in  the  pcwer  delivered  to  the  target. 

In  the  side-looking  radar  configuration  just  discussed,  it  is  clearly  immaterial 
whether  the  radar  or  the  target  is  moving;  it  is  only  the  relative  motion  that  is 
important.  Another  interesting  configuration  that  can  be  considered  is  one  that 
is  set-up  to  obtain  an  image  of  an  extended  target  that  is  moving  past  the  radar. 

In  this  case,  the  field  of  view  of  the  radar  need  not  remain  fixed,  but  can  be 
scanned  to  keep  the  target  continuously  in  view.  Consider  the  geometry  shown  in 
Fig  I II-3.  For  simplicity  we  will  assume  that  the  aperture  is  a  phased  array  of  only 
two  elements  and  that  the  beam  is  scanned  by  means  of  the  time-varying  phase  shifts 
0X  and  .  It  may  be  readily  shown  that  the  signal  received  by  this  time-varying 
phased  array  from  a  point  target  at  a  point  is 

S  =  e  2ikRl 

if  one  of  the  phases.  in  this  case,  is  set  equal  to  zero. 

We  now  want  to  calculate  the  spatial  resolution  that  can  be  achieved  by  doppler 
processing  the  signal  received  from  an  extended  target.  Consider  the  geometry 
shown  in  FigIII-1,  where  the  extended  target  is  represented  by  two  point  targets. 

The  behavior  of  the  doppler  shifts  from  the  two  targets  is  shown  as  a  function  of 
time  and  it  has  also  been  assumed  that  the  shifts  are  displaced  from  zero  by  some 
offset  frequency  uaif.  Suppose  now  that  the  receiver  is  programmed  to  track  the 
doppler  shift  from  one  of  the  targets.  The  differential  doppler  shift  from  the 
other  will  then  be  as  shown  in  FigIII-5a.  The  differential  shift  is  zero  when  both 
targets  are  far  from  the  transmitter  and  the  shift  increases  to  nearly  a  constant 
value  as  the  targets  pass  the  antenna.  The  time  during  which  the  shift  is 
appreciable  is  of  the  order  of 


and  its  magnitude  is 


ajv  AX 

^d  *  T  “ 

2rrV 

The  resolution  that  can  be  achieved  in  T  is  a  as  “22  so  the  spatial 

resolution  is 
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Attuv  2ttv 
cZ  w  2Z 


independent  of  range,  and  aperture  size.  This  result  should  not  really  be  too 
surprising.  In  compensating  for  the  doppler  shift  of  one  of  the  scattering  centers, 
we  have  in  effect  cancelled  itsmotion.  The  apparent  motion  of  the  other  scattering’ 
center  is  then  a  rotation  about  the  first  (see  FigIH-5b).  In  the  observation  time 
T,  the  combined  object  is  viewed  over  an  aspect  angle  A0  =  tt/2.  If  the  object 
were  simply  rotating  in  the  fixed  field  of  view  of  the  radar,  we  would  expect  to 
be  able  to  resolve  Ax  =  X/2A@  which  is  essentially  the  resolution  that  has  been 
achieved.  It  is  also  the  resolution  that  would  be  achieved  by  the  non- scattering 
antenna  if  the  aperture  size  were  reduced  to  x,  but  the  loss  of  power  has  been 
avoid ed. 
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Signal  Processing 

The  basic  operation  required  of  the  processor  for  a  synthetic  aperture  imaging 
system  is  the  storage  of  the  return  over  the  processing  time  and  the  sorting  of  the 
received  power  into  the  appropriate  range  and  doppler  bins.  As  discussed  above, 
the  return  from  a  point  scatter  does  not  have  a  single  doppler  shift  but  rather  a 
doppler  history.  In  the  side  looking  radar  case,  this  doppler  history  is  nearly 
a  linear  frequency  sweep  when  the  target  is  near  broadside.  In  the  case  of  a 
point  scatterer  on  a  rotating  body  the  doppler  history  is  a  sinusoidal  function 
of  time  with  a  maximum  as  the  point  appears  around  the  approaching  edge,  going  to 
zero  as  the  point  passes  the  subvadar  point  and  reaching  a  maximum  value  but  with 
•''pposit.e  sign  as  the  object  disappears  around  the  receding  edge.  The  processing 
of  this  information  would  be  a  formidable  task  indeed,  if  it  were  not  for  the 
availability  of  coherent  optical  processing  techniques.  These  techniques  allow 
the  parallel  processing  of  the  many  range-doppler  components  of  the  received  signal. 

The  use  of  optical  techniques  for  processing  of  coherent  microwave  radar  data 
has  been  highly  developed (Ref.III-1  and  2).  The  basic  ideas  are  illustrated  in  FigIJT-6-8. 
A  train  of  short  radar  pulses  naving  a  carrier  frequency  u)0  as  shown  in  FiglXI-fiais 
transmitted.  The  return  signal,  Figin-6b  will  have  a  duration  T  =  where  £R 

is  the  range  extent  of  the  target.  At  each  range,  the  motion  of  a  scattering  center 
will  impose  a  doppler  shift  on  the  signal.  Since  the  pulsed  duration  will  typically 
be  shorter  than  the  reciprocal  of  the  doppler  frequency,  this  will  manifest  itself 
ns  a  change  in  phase  as  a  function  of  range.  This  phase  may  be  obtained  directly 
by  heterodyning  the  received  signal  against  a  stable  local  oscillator,  obtaining 
fhe  signal  shown  in  Figin-6c.  This  signal  is  the  real  (or  imaginary)  part  of  the 
complex  amplitude  of  the  radar  return  as  a  function  of  range.  To  obtain  the  doppler 
distribution  and  scattering  intensity  at  a  given  range,  we  must  follow  the  history 
of  the  signal  at  that  range  from  pulse  to  pulse;  i.e.,  one  must  perform  a  frequency 
analysis  of  the  sampled  data  obtained  from  each  range  element. 

This  complicated  signal  processing  operation  can  be  accomplished  readily  with 
r.he  system  shown  in  FigIIIr7.  The  demodulated  signal,  together  with  a  bias,  is  used 
‘o  intensity  modulate  the  trace  of  a  CRT.  The  sweep  is  initiated  at  the  start  of 
the  radar  return  and  lasts  for  the  duration  of  the  return.  The  intensity  modulated 
signal  is  recorded  on  film.  When  the  next  return  is  received,  the  film  is  moved 
horizontally  and  the  return  is  recorded  similarly.  The  result  is  a  series  of 
vertical  strip  records,  with  the  vertical  axis  corresponding  to  range  resolution 
within  a  single  return  and  the  horizontal  axis  corresponding  to  the  pulse-to-pulse 
history  of  the  amplitude  and  phase  of  the  return  at  a  given  range. 
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Once  the  signal  is  recorded  in  this  format,  the  signal  processing  can  be 
performed  very  conveniently  by  optical  techniques.  Consider  as  an  example,  the 
side  looking  radar  case.  As  the  radar  passes  a  point  scatterer  at  a  given  trans¬ 
verse  range,  the  return  signal  will  be  approximately  a  linear  frequency  sweep 


Acos  (V  + 

after  demodulating,  and  adding  the  bias  term  B,  this  signal  becomes 

ACOs  (“it  +  0t2)  +  B 


Here  x  is  the  difference  between  the  center  frequency  of  the  pulses  and  the 
reference  local  oscillator .  In  practice  this  is  usually  non-zero  for  reasons 
which  will  become  clear  later.  By  virtue  of  the  film  transport,  the  transparency 
then  has  a  spatial  dependence  of 


T(x)  =  Acog  (k  x  +  Y  x2  )  +  B 

where  k  =  x^/v  and  Y  =  0/v2  with  v  the  velocity  of  the  film.  The  appearance  of  the 
film  re  cor  3  for  two  targets  at  different  ranges  would  be  as  shown  in  FigIII-7b. 

(The  spatial  carrier,  kx,  has  been  suppressed  for  ease  of  illustration).  The  record 
for  each  target  can  be  considered  as  a  Fresnel  zone  plate.  If  the  film  trans¬ 
parency  is  illuminated  with  coherent  light,  each  of  the  elementary  zone  plates 
will  bring  the  beam  to  a  focus  at  a  range  corresponding  to  the  (scaled)  range  of 
the  original  scatterer  as  shown  in  FiglH-Tc.  The  piane  0f  the  images  will  be 
inclined  as  shown  in  the  fibers.  In  addition,  the  range  information  which  was 
well  resolved  in  the  film  plane  will  be  degraded  by  diffraction.  This  can  be 
corrected  by  the  optical  system  shown  in  FigIII-8a.  The  conical  lenselement  is  a 
cylindrical  lens  whose  focal  length  is  a  function  of  range  (vertical  axis  of  film). 
This  removes  the  tilt  of  the  image  plane  of  FigIII-7c  arti,  with  appropriate  choice 
of  focal  length,  moves  the  focal  plane  for  the  horizontal  data  record  (aximuth 
history)  to  infinity.  The  cylindrical  lens  does  the  same  for  the  vertical  (range) 
data  record.  The  final  spherical  lens  brings  both  foci  from  infinity  to  the  film 
plane.  Fig IH-8b  shows  a  top  view  of  the  system  and  illustrates  the  offset  angle  due  to 
the  spatial  carrier  mentioned  earlier.  This  is  employed  to  displace  the  image  from 
the  light  due  to  the  bias  term.  The  final  focused  image  is  recorded  through  an 
appropriately  placed  slit,  each  slit  record  being  a  record  of  the  return  for  all 
ranges  at  a  given  azimuth. 
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Range  and  Doppler  Spreads 


The  first  consideration  in  the  coherent  optical  imaging  radar  is  the  estima¬ 
tion  of  the  magnitude  of  the  return.  The  radar  equation  gives 

Pr  .  /  D  \  2  _1 _  .  a  •  JL. 

Pt  =  4l7  \  X  )  ‘  Uttr2  4ttR2 


a-X 

4ttrc 


Incident  Power  Density  Cross  Section 


In  the  case  where  the  target  is  just  large  enough  to  intercept  the  engire  beam  and 
scatters  it  isotropically,  with  unit  reflectivity,  this  reduces  to: 


=  8  x  10“2 

R 


So  that  the  attenuation  factor  for  the  power  returned  from  a  just  resolvable  element 


R  km 

D  =  10 
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8  x 
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8  x 

io"14 

5  X  105 

3.2 

x  10"21 

3.2 

x  IO' 

The  next  important  consideration  is  the  magnitude  of  the  doppler  shift  and 
spread  to  be  expected.  The  doppler  shift  is 


fd  «  1  MHz/meter/sec  at  1.06  m 

=  100  KHz/meter/sec  at  10.6  m 

For  a  rotating  body,  the  doppler  spread  becomes 

Af  «  +  2  tt  MHz/meter/rps  st  1.06u 

=  +  .1  x  2  tt  MHz/meter/rps  at  10.6m, 


where  the  length  scale  .is  the  characteristic  dimension  of  the  object  normal  to  both 
its  axis  of  rotation  and  the  direction  of  illumination. 
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.The  case  of  a  transiting  satellite  is  illustrated  in  FigIIT-9for  a  wavelength  of 
10.6  microns.  The  doppler  spread  for  a  rotating  body  can  be  seen  to  be  quite  large 
and  the  average  doppler  shift  for  the  transiting  body  is  extremely  large.  Initially 
it  would  seem  that  a  large  doppler  spread  would  require  a  receiver  with  a  wide 
bandwidth  and  consequently  a  poor  detection  sensitivity.  It  should  be  kept  in  mind, 
however,  that  the  information  bandwidth  of  the  system  is  not  determined  by  the  doppler 
shift.  Given  complete  flexibility  in  the  design  of  the  transmitted  waveform  and  the 
receiver,  it  can  be  shown  that  the  ultimate  detection  sensitivity  is  not  dependent  on 
the  absolute  magnitude  of  the  uoppler  shift  or  spread.  The  information  that  is  desi-ed 
is  an  image  of  the  target  so  that  the  desired  information  channel  capacity  is  de¬ 
termined  by 

NG 

C  % _  bits/sec 

T 

where  N  is  the  number  of  resolvable  elements  on  the  target,  G  the  number  of  bits 
characterizing  the  strength  of  the  signal  from  each  resolvable  element  (gray  scale’) 
and  T  the  total  observation  time. 

Another  important  consideration  is  the  so  called  spread  factor  of  the  target, 
i.e.,  the  product  of  the  doppler  spread  and  the  time  delay  spread.  If  we  interrogate 
the  target  with  a  repetitive  train  of  pulses  having  a  separation  T,  then  range 
ambiguities  will  be  eliminated  if 

T  >  2  A  R  _  At 

•=~n — 

where  AR  is  the  range  spread.  Doppler  ambiguities  will  be  avoided  if  the  sampling 
rate  l/T  is  greater  than  twice  the  maximum  doppler  shift  to  be  measured,  so 

i  >  2  A  f 
T 

poth  can  be  simultaneously  satisfied  if 
At  Af  «  1 

in  which  case  the  target  is  said  to  be  underspread.  For  a  rotating  target,  Af«s 
fi  A  R  f/c  p 

At  Af  %  2AR^  _£  =  2  ^  0 

c2  Xc 

At  a  wavelength  of  1  micron,  a  1  meter  target  becomes  overspread  at  0  %  1.5  x 
radian/sec  and  at  10  microns  0  =  1.5  x  10^  radians/sec.  In  all  that  follows, 
will  be  assumed  that  the  target  is  underspread .  In  the  case  of  an  overspread 
target,  the  amount  of  information  tha  can  be  obtained  is  greatly  reduced. 
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Initial  experimental  investigations  will  be  concerned  only  with  underspread 
targets . 
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Signal  Design 


The  problem  of  range  and  doppler  ambiguities  discussed  above  is  present  in  any 
radar  system  that  is  designed  to  simultaneously  measure  range  and  doppler  shift,  n 
considerations  involved  in  the  proper  signal  design  are  usually  discussed  in  terms  c 


radar  ambiguity  function  (Re fill- 3).  This  function  is  llr  =  {  x(T>f)i  2  where 


X  (T,f>  = 


■  /" 


U  (t+T )  exp  (-i  2TTf  t) 


and  where  u(t)  is. the  transmitted  signal.  The  physical  significance  of  the  ambiguit 
function  is  that  it  represents  the  magnitude  of  the  response  of  a  matched  'filter  to 
a  waveform  that  is  shifted  in  frequency  by  an  amount  of  f  and  in  time  by  an  amount 
T  with  respect  to  the  waveform  to  which  the  filter  is  matched.  Since  the  returns 
from  the  various  resolution  elements  on  a  moving  target  are  time  and  frequency 
shifted  versions  of  the  transmitted  waveform,  the  ability  to  resolve  elements  will 
depend  on  how  well  the  received  signal  can  be  distinguished  from  a  time  and  frequenc 
shifted  version  of  itself.  To  completely  characterize  the  problem  we  must  also 
specify  the  target  scattering  function  a(r,f).  This  gives  the  distribution  per  unit 
frequency  and  per  unit  delay  time  of  the  power  received  from  the  target,  i.e.,  it  is 
the  total  cross  section  presented  by  all  elements  of  the  target  having  a  specified 
delay  t  and  doppler  shift  f. 


If  we  transmit  a  signal  u(t)  and  receive  with  a  filter  matched  to  the  trans¬ 
mitted  signal  but  having  a  frequency  offset  f,  then  the  output  as  a  function  of  f  ar 
the  delay  will  be  given  by 


P( T , f ) 


(t*  -  T  ,  f '  -  f")  ct(t'  ,  f ')  dT'df ' 


If  \p  has  a  peak  at  (0,0)  and  is  very  small  elsewhere,  then  it  will  behave  as  a 
delta  function  and  the  output  becomes  a  direct  measure  of  the  scattering  function 
ct  (~,f)  which  gives  the  desired  image. 


The  ambiguity  function  for  a  finite  train  of  short  pulses  of  individual  dura¬ 


tion  T  ,  spacing  T£  and  total  duration  Tg  is  illustrated  schematically  in  FigIIJ-10. 
It  consists  of  a  large  central  peak  and  subsidiary  peaks  spaced  at  t  =  ±  n  T  and 
f  =  t  —  .  The  frequency  width  of  the  central  peak  is  proportional  to  T^~  j  the 
reciprocal  of  the  total  duration  of  the  pulse  train’  the  time  width  is  determined 


by  T19  the  individual  pulse  duration.  If  the  scattering  function  were  independent 
of  time,  then  it  could  be  probed  with  arbitrarily  good  resolution  provided  that 
the  total  range  and  doppler  spread  are  small  enough  to  present  interference  from 
the  subsidiary  peaks.'  If  the  peaks  of  the  ambiguity  function  are  very  narrow  compar 
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~  S- V  *  °f,the  Scatterln«  ***  ***  output  of  a  matched  filter  revlever 

Tit  06  a.replica  of  the  target  scattering  function  centered  at  each  of  the  peaks 
of  the  ambiguity  function.  The  condition  that  the  replicas  that  are  centered  at 
adjacent  neaks  do  not  tfe*  frame  requirement  that  ffie 

target  be  underspread . 


From  these  considerations,  it  is  clear  that  a  train  of  short  pulses  is  a  very 
goo<3  choice  of  signal  for  probing  the  scattering  function  of  an  underspread  target. 

f.her<,^Slderatl°nS’  such  as  a  Peak  P°wer  limitation,  might  dictate  the  choice 
of  a  different  signal;  however,,  the  present  discussion  will  be  confined  to  the  short 
pulse  case. 
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Receiving  Systems 

To  obtain  an  image  of  the  target,  any  receiver  must  sort  out  the  returned 
power  into  range  and  doppler  bins  corresponding  to  the  resolution  elements  on  the 
target.  Several  possible  schemes  can  be  considered  (Refs.III-4,  5)* 

Direct  Detection 

In  principle,  the  receiver  shewn  in  Figin-Ucan  perform  the  necessary  processing. 
The  return  signal  is  range  gated  by  some  fast  shutter  technique  and  each  range 
sample  is  analyzed  in  frequency  by  a  bank  of  narrow  band  optical  filters.  The 
signal  in  each  range-doppler  bin  is  then  detected  by  a  photodetector,  and  integrated 
over  a  time  T.  If  we  assume  that  the  detector  is  limited  only  by  quantum  noise, 
a  condition  which  will  not  be  realized  in  a  practical  system,  then  the  signal  to 
noise  ratio  at  the  output  will  be 

.  P  P  T 

S/N  “  ^  5m"  “  i  555 

where  P  is  the  signal  power  received  in  a  given  range-doppler  bin,  and  T)  is  the 
detector  quantum  efficiency.  The  quantity  PT  is  just  the  total  energy  received 
in  the  observation  time  T,  so  that  the  minimum  detectable  signal  is  of  the  order 
of  one  photon  per  resolution  element.  Clearly,  the  detection  sensitivity  of  this 
system  is  completely  independent  of  the  magnitude  of  the  doppler  spread  of  the 
target.  Aside  from  the  difficulty  involved  in  achieving  quantum  noise  limited 
operation,  such  a  receiver  would  require  unrealizably  narrow  optical  filters  prior 
to  the  detector,  so  it  is  of  little  practical  interest. 


Sub-Carrier  System 


In  this  system,  the  entire  spectrum  of  the  optical  signal  is  detected  prior  to  any 
frequency  filtering  (see  FigIII-12.  In  this  case,  all  absolute  optical  phase 
information  is  lost.  All  doppler  information,  however,  has  not  been  lost.  Consider 
the  return  from  a  train  of  pulses  separated  by  a  time  T  and  incident  upon  a 
target  moving  with  a  velocity  v  toward  the  receiver.  The  return  pulses  will  be 
separated  by  a  time  T 


or  the  repetition  frequency  fr  becomes 


*r 
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Thus  this  system  can  observe  the  doppler  shift  on  the  pulse  repetition  rate  rather 
than  on  the  optical  frequency  itself.  This  system  in  effect  substitutes  a  micro- 
wave  wavelength  characteristic  of  the  pulse  repetition  rate  for  the  optical  wavelength 
This  leads  to  a  corresponding  degradation  of  the  doppler  resolution  although  it 
preserves  the  directionality  of  the  optical  system.  The  resolution  capabilities 
of  this  sytem  are  therefore  degraded  over  those  of  the  direct  detection  system  but 
may  be  adequate  for  many  purposes.  A  more  detailed  discussion  of  the  possibilities 
of  this  system  is  presented  in  Section  IV. 


Heterodyne  System 


The  heterodyne  system  shown  in  Fig-IIH3  is  capable  of  realizing  the  necessary 
doppler  resolution.  Heterodyning  with  a  mode-locked  laser  (either  with  or  without 
a  frequency  offset)  provides  the  necessary  range  gating.  The  signal  from  each 
range  element  contains  frequency  components  from  all  doppler  elements  in  that 
range;  generally,  this  will  include  nearly  the  entire  doppler  spread.  The  doppler 
shifts  will  be  spread  around  the  offset  (IF)  frequency.  After  the  IF,  the 
doppler  bins  can  be  resolved  by  a  bank  of  parallel  filters  of  bandwidth  equal  to  the 
desired  doppler  resolution  width.  Following  this  resolution,  the  individual 
signals  are  square  law  or  envelope  detected  and  then  smoothed  over  a  time  T.  We 
may  make  some  qualitative  estimates  of  the  signal  to  noise  ratio  for  this  receiver. 
Assuming  that  the  local  oscillator  is  strong  enough  so  that  its  shot  noise  dominates 
the  noise  coming  from  the  mixer,  and  assuming  that  the  IF  bandwidth  Bif  is  twice 
the  doppler  spread,  then  the  power  signal  to  noise  ratio  at  the  output  of  the  IF 
is  given  by 

S  _  Wo 
N  hvBj) 

where  F0  is  the  total  signal  power  from  the  range  element,  and  Bp  is  the  doppler 
spread.  At  the  output  of  each  of  the  doppler  frequency  filters  the  ratio  is  the 
same 

T)F0  (B/Bp)  ]]P^  T]Po 
S'N  hvB  hvB  "  hvBj) 

where  B  is  the  bandwidth  of  the  doppler  bin  and  is  the  signal  power  in  the 
range- doppler  bin  (assuming  that  it  is  uniformly  distributed).  The  signal  at  this 
point  is  essentially  noise-like  and  indistinguishable  from  the  shot  noise  except 
by  its  amplitude.  After  the  square  law  detector  the  signal  to  noise  will  be  of  the 
order  of 


S 

N 


1 

2 


LEL 

hvB 
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Post  detection  integration  can  improve  this.  Hie  number  of  independent  samples 
taken  in  a  time  T  is  BT.  The  mean  value  increases  as  BT  and  the  RMS  fluctuations 
as  (BT)1/2.  With  an  integration  time  T,  then  the  s/N  can  be  improved  by  a  factor 
of  (BT)1/2  so 

/  sv  1  «  pi  m1/2  .i^pit  _L_  . 

(n)t  -  2  11  fair  '271”  (BT)l/2 

The  quantity  PjT  is  the  total  number  of  photons  received  in  the  given  range- 
doppler  bin  and  is  proportional  to  the  total  energy  transmitted.  Given  the  constraint 
of  a  fixed  energy  in  the  transmitted  signal,  the  best  S/N  wou.  d.  be  obtained  by 
transmitting  it  all  in  a  time  T  =  l/B  and  eliminating  the  post*detection  integration 
completely.  In  this  case 

S/N  «  2  71  hv 

so  that  the  minimum  detectable  signal  is  of  the  order  of  one  photon  per  range- 
doppler  bin.  If  the  constraint  is  a  fixed  peak  power,  then  the  signal  to  noise 
improves  with  post  detection  integration,  but  is  never  as  good  as  coherent  detection 
over  the  same  time  interval.  The  incoherent  direct  detection  system,  if  it  could  be 
constructed  and  operated  in  the  quantum  noise  limited  region,  would  have  approximately 
the  same  ultimate  sensitivity  but  in  that  case  the  time  duration  of  the  transmission 
would  be  unimportant. 

Energy  Requirements 

If  complete  flexibility  in  the  design  of  the  transmitter  and  receiver  is 
assumed,  then  the  ultimate  sensitivity  of  a  coherent  optical  imaging  radar  depend.: 
only  on  the  energy  received  from  the  target.  If  we  assume  that  a  target  whose 
scattering  function  is  uniformily  distributed  in  range  and  doppler  shift  is  to  bo 
resolved  into  M  resolution  elements,  the  energy  received  in  each  will  be 


where  is  the  energy  incident  on  the  target,  p  is  the  effective  reflectivity, 
and  Lp  is  the  propagation  loss  from  the  target  to  the  detector.  The  signal  to 
noise  ratio  for  each  resolution  element  would  then  be 

E-f-bn 

(S/N)  =  1/2  T|Fp 

where  F  represents  any  additional  system  losses. 
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.Jf  We  a®su®®  as  before,  that  the  entire  target  is  just  resolved,  i.e.,  that 

mittedeen!LS  6  beam’.then  Et  is  d«*t  the  transmitted  energy.  The  trans- 

gy  required  to  obtain  a  given  signal-to-noise  ratio  is  then 


Et  =  2 


■Mhy 

TlFpLp 


(S/N) 


As  an  example,  let  us  assume  M  =  102  resolvable  spots,  (S/n) 
then  for  X  =  10.6  microns 


=  10,  T]Fp  = 


and  f or  X  =  1 . 06  microns 


=  3.8  x  10“ 1 5  l  “1  joules 


Et  -  3.8  x  10"^  Ln-1  joules 


Pl°tted  10  Flg-  l4*  1116  aperture  si2es  assumed  ^  the  figure 

Tol  a  t  1  TV  met6r  f°r  10*^*  differing  aperture  size  accosts 

t-pH.i  ,  T.°f  10 .  difference  in  the  results  for  the  two  wavelengths  and  the 
reduced  quantum  noise  at  the  larger  wavelength  for  the  remaining  factor  of  10  The 
energy  required  for  the  10. 6u  system  is  extremely  modest,  and  ignoring  other 

available c7SLthiS  h°Uld  Se  the  Preferred  wavelength  of  operation.  Presently 
availabie  C02_ lasers  have  adequate  coherence  properties,  but  they  lack  the  band- 

width  to  provide  centimeter  range  resolution.  The  Nd : YAG  laser,  hov-ever,  has  both 
adequate  bandwidth  and  coherence  to  obtain  this  type  of  resolution  and  initial 
experiments  with  this  laser  will  be  carried  out. 


*  ^ssumes  T\  *  ;3  characteristic  of  a  PIN  photodiode  at  1.06  microns  diffuse 
reflectivity  .1  and  other  losses  ~  .33.  use 
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Glint  Points 

In  all  the  previous  discussions,  it  has  been  assumed  that  the  target  is  a 
perfectly  diffuse  reflector.  This  is  very  conservative  and  leads  to  a  low  estimate 
of  the  magnitude  of  the  returned  signal.  An  actual  target  will  exhibit  many  gl  n 
points  arising  from  smooth  surface  areas  oriented  perpendicular  to  the  direction 
of  illumination  and  having  locally  long  radii  of  curvature.  These  glint  points 
will  lead  to  return  signals  that  are  orders  of  magnitude  larger  than  the  diffusely 
reflected  signals  that  have  been  discussed. 

Consider  a  diffusely  reflecting  area  of  diameter  d  located  on  a  rotating  target 
of  diameter  dt.  The  power  received  by  a  receiver  of  aperture  DT,  at  a  distance  R, 

will  be 

4 

Pr  "  Pi  4ttr2 

where  Pi  is  the  power  incident  on  the  area.  Assuming  as  before  that  the  entire 
target  is  just  resolved,  we  have 

XR 

DT  *  Dr 


and  X  _ 

Pr  =  Pi  UttDt 


as  before. 

We  now  consider  the  specular  reflection  frcm  a  smooth  area  of  diameter  d, 
oriented  perpendicular  to  the  illumination.  This  area  will  reflect  power  back  in 

a  solid  angle 


instead  of  4tt  so  that 
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This  simply  reflects  the  gain  4tTd2/x2  of  the  reflecting  element  over  an  isotropic 
scatterer.  For  d  =  1  cm,  X  =  1.06^,,  it  amounts  to  4tt  x  10  . 

.We  must  now  consider  the  fact  that  the  target  is  rotating,  so  that  the  normal 
to  the  glint  point  area  will  not  remain  parallel  to  the  illumination.  This  turns 
out  not  to  be  a  problem.  A  glint  point  that  is  properly  oriented  to  reflect 
specularly  back  to  the  receiver  will  remain  properly  oriented  during  the  coherent 
integration  time,  in  spite  of  the  target  rotation.  This  is  easily  shown.  In  the 
coherent  integration  time,  the  target  rotates  by  an  angle  40  -  ftT,  and  hence.,  the 
normal  to  the  glint  point  rotates  by  the  same  angle.  If  this  angle  of  rotation  is 
less  than  the  beam  width  from  the  glint  point,  then  the  receiver  aperture  will  re¬ 
main  illuminated  by  it  during  the  integration  time.  This  requires  that 

48  <  | 

We  have  found  previously  however,  that  the  cross  range  resolutions  Ax  is  given  by 

X 

AX  =  2aS 

X 

=  Sax 

So  we  have 


d  <  2Ax 

So,  that  if  the  dimension  of  the  glint  point  is  less  than  twice  the  desired  cross 
range  resolution,  the  receiver  aperture  will  remain  illuminated  by  it  during  the 
entire  coherent  integration  time. 

In  the  above,  we  have  assumed  that  the  glint  point  was  a  planar  surface.  In 
practice,  the  points  will  arise  from  surfaces  with  long  radii  of  curvature.  This 
will  reduce  the  gain  of  the  glint  over  one  isotropic  scatterer  and  thus  reduce  the 
received  power.  The  orientation  requirement  is  more  easily  satisfied  due  to  the 
increased  beam  width. 


1920^79-36 


47 


REFERENCES 

III-l.  Harger,  R.  0.:  Synthetic  Aperture  Radar  Systems,  Academic  Press,  New  York 

I II -2.  Notes  Entitled,  Principles  or  Imaging  Radars,  University  of  Michigan  Engin¬ 
eering  Summer  C^fi'erences ,  July  20-31,  1970,  University  of  Michigan,  Ann 
Arbor,  Michigan. 

III-3.  Cook,  C.  E.  and  M.  Bernfeld:  Radar  Signals ,  p.  59  ff.  Academic  Press, 

New  York,  1967. 

III-4.  Pratt,  W.  K.:  Laser  Communication  Systems,  John  Wiley  and  Sons,  Inc.,  •> 
New  York,  1969- 

m_5,  Ross,  M. :  Laser  Receivers,  John  Wiley  &  Sons,  Inc.,  New  York,  1966. 


u 


United  Aircraft 


iM^ie 


48 


ROTATING  BODY  RADAR 


TOP 


T 

x 

1 
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CONSTANT  RANGE  CONTOURS 
CONSTANT  OOPPLER  CONTOURS 
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fig.  nr- 2 


SIDE  LOOKING  RADAR 


CONSTANT  RANGE  CONTOURS 


CONSTANT  DOPPLER  CONTOURS 
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FiG.ru 


SCANNING  SIDE  LOOKING  RADAR 


POINTING  CONDITION 

6  =6  +  k(R  -R  ) 

I  2  12 

6  =  k(R  _R  )  WITH  6-0 
2  12  1 
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RESOLUTION  OF  SCANNING  SYSTEM 


R 1  -  \/Z2  +T2  =  VZ2  +  (v*)2 

R  ^  -r  v  Z  2  +  (X-AxT2  -  V  Z  2  t  (vt-AX)2 


DOPPLER  SHIFT 


C  VZ  2  ^  (v*)2 


•• 


VZ2  ,  x2 


FIG.HI-4 
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FIG.  HI-6 


SYNTHETIC  APERTURE  SIGNAL  PROCESSING 
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FIG.m-7 


CRT  FILM 

a)  DEMODULATED  SIGNAL 


0  a  cn  t "  1  1 — 1  □  □  a  1  a 


b)  FILM  RECORD 


c)  FOCUSING  GEOMETRY 
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FIG.  m-8 
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COHERENT  OPTICAL  PROCESSING  SYSTEM 


IMAGE  FILM 


SPATIAL  CARRIER 
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AMBIGUITY  FUNCTION  FOR  MODE  LOCKED  PULSE  TRAIN 


Tj  =  PULSE  WIDTH 

T2  =  PULSE  SEPARATION 

T3  =  TOTAL  DURATION  OF  PULSE  TRAIN 
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FIG.  m- 13 


HETERODYNE  DETECTION  SYSTEM 


IF  CENTERED  AT  OFFSET  FREQUENCY 
AND  HAVING  A  BANDWIDTH  LARGE  ENOUGH 
TO  ACCOMODATE  FULL  DOPPLER  SPREAD 


©000 


PARALLEL  FILTERS  TO  RESOLVE  DOPPLER  BINS 


SECOND  DETECTORS  (SQUARE  LAW  OR  ENVELOPE) 


POST  DETECTION  INTEGRATION  FILTERS 


RESOLVED  DOPPLER  RESOLUTION 
ELEMENTS  FOR  A  GIVEN  RANGE 
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IV.  LABORATORY  INVESTIGATION  OF 
COHERENT  IMAGING  TECHNIQUES 


The  object  of  this  portion  of  the  present  contract  and  the  anticipated  amend¬ 
ment  involves  the  investigation  of  the  use  of  ultrashort  pulses  together  vith 
doppler  processing  to  obtain  high  resolution  imaging  of  moving  laboratory  targets. 

The  ideal  laser  source  for  this  experiment  would  be  a  mode-locked  laser  that 
emitts  a  train  of  identical  ultrashort  pulses  with  highly  reproducible  character¬ 
istics  over  a  time  given  by  the  reciprocal  of  the  desired  doppler  resolution.  The 
pulses  should  have  the  shortest  possible  duration,  posses  uniform  phase  fronts  and 
be  phase  coherent  from  pulses  to  pulse. 

In  an  operational  system  the  coherence  of  the  local  oscillator  used  for 
heterodyning  must  be  maintained  over  the  round  trip  time  of  the  signal  from  the 
target.  Provisions  must  be  made  to  compensate  for  the  large  doppler  shift  due  to 
translation  of  the  spinning  target.  Finally,  sufficient  power  must  be  available 
to  overcome  the  large  propagation  loss  discussed  in  Sectionlll,  to  ensure  an 
adequate  signal  to  noise  ratio  at  the  receiver.,  In  a  laboratory  simulation,  the 
coherence  requirement  may  be  easily  met  since  propagation  times  are  very  small. 
Imaging  of  a  purely  rotating  target  eliminates  the  need  for  extremely  large  local 
oscillator  offsets.  The  power  requirements,  however,  are  not  reduced  by  the  reduction 
in  target  range.  This  arises  because  of  the  spatial  coherence  requirements  imposed 
~y  the  optical  heterodyne  detector.  If  a  distant  target  intercepts  all  of  the 
power  in  the  beam  free.,  the  transmitter,  and  if  it  scatters  the  power  uniformly 
an  angle,  then  the  power  received  by  the  receiver  in  just  the  solid  angle  subtended 
by  the  receiver  aperture  as  viewed  fran  the  target.  In  the  case  where  the  target 
is  just  resolved,  this  will  be  of  the  order  of 

Pr  =  Po  I m  (\) 

where  d  is  the  target  diameter.  In  the  case  of  a  target  at  very  close  range, 
essentially  all  of  the  power  scattered  back  toward  the  receiver  can  be  intercepted 
by  the  receiving  aperture.  Only  a  small  fraction  of  this  however  is  useful  for  the 
heterodyne  detection.  The  angular  coherence  interval  for  power  scattered  from 
different  point  scatters  on  the  target  is  approximately  AS  =  j.  The  field  of  view 
of  the  receiver  must  be  limited  to  this  to  avoid  loss  of  signal.  Again  assuming 
isotropic  scattering,  the  total  useful  received  power  is  again  of  the  order  of 
Po  (x/d)2/4TT. 
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The  problem  of  heterodyning  from  a  diffusely  reflecting  target  has  been 
analyzed  in  more  detail  by  Massey  (Ref.  IV-l).  He  considered  the  heterodyning  of 
a  signal  reflected  from  a  spot  on  a  diffusely  reflecting  target.  He  considered 
the  surface  to  be  made  up  of  a  large  number  of  scatteres  of  dimension  small  compared 
to  a  wavelength,  and  determined  the  optimum  receiver  field  of  view  and  the  resulting 
IF  current.  For  the  case  when  the  illuminated  spot  was  not  resolved  by  the 
receiver,  he  found 

llF4R(^)1/2 

and  for  the  case  where  the  spot  was  resolved  but  the  individual  scatters  were  not, 

1/2 

1.22X  /  21,  PpT]e  \ 

iF*-ff“  / 

Here  D  is  the  receiver  aperture,  d  the  spot  size,  and  P  the  power  incident  in  the  (] 
entire  spot.  In  the  case  when  the  spot  is  just  resolved  corresponds  to  1.22X/D  R  =  g- 
In  this  case,  the  expressions  become  identical  and,  subject  to  the  resolution 
conditions,  independent  of  range. 

From  the  discussion  in  Sectionlll,  the  power/energy  requirements  for  an  imaging 
system  can  be  estimated.  We  assume  for  illustration,  a  laboratory  target  of 
diameter  d  =  10  cm,  which  is  to  be  resolved  into  100  resolvable  elements  (10  in 
range  nnd  10  in  doppler  shift) .  We  shall  also  assume  that  the  signal  processing 
will  be  done  by  transmitting  a  train  of  pulses  of  total  duration  equal  to  the 
reciprocal  of  the  doppler  resolution  desired.  The  total  energy  received  useful 
for  heterodyning  will  then  be 

2 

■  Er  «  (|)  Et  *  8  x  10- 12  Et 

If  we  assume  an  overall  system  efficiency  (including  reflectivity,  quantum  efficiency 
and  other  losses)  of  NFp  =  10"2  as  before,  then  the  effective  energy  per  resolution 
element  is 


Eeff  =  8  x  10~ 16  Et 
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The  minimum  detectable  signal  is  of  the  order  of  1  photon  per  resolution  element 
or  1.9  x  10“ 19  joules  per  element.  The  signal  to  noise  is  then 

S/N  =  4.2  x  103  Et 

where  E  is  the  transmitted  energy  in  joules.  We  have  assumed  that  this  energy 
is  transmitted  in  the  reciprocal  of  the  doppler  resolution  time.  For  the  10  cm 
target,  the  doppler  “Spread  is  f  =  10^  fi  Hz,  where  n  is  the  rotation  rate.  Assuming 
10  doppler  resolution  elements,  the  resolution  element  Af  =  10  0  Hz,  and  the 
desired  transmission  time  is  10“^/f3  seconds.  For  a  1-2  rps  rotation  rate,  this 
time  is  of  the  order  of  ten  microseconds.  For  a  1  rpm  rate,  it  is  approximately 
1  millisecond.  For  a  1  watt  average  power  YAG  laser,  the  energy  delivered  in  1 
millisecond  is  10”3  joules  which  would  put  the  reception  of  the  image  in  the 
limit  of  detectability.  For  initial  experiments,  an  artificial  target  with  strongly 
retro-reflecting  areas  is  being  investigated. 


At  the  present  time,  a  mode-locked  NdtYAG  laser  is  being  fabricated  ;.'or  use 
in  the  imaging  experiments.  While  this  is  being  done,  experiments  have  been  con¬ 
ducted  using  doppler  processing  in  conjunction  with  a  scanning  beam  to  obtain  two 
dimensional  images  of  laboratory  targets. 

The  initial  experimental  configuration  is  shown  in  Fig.  IV- 1.  The  linearly 
polarized  beam  from  a  1  milliwatt  HeNe  laser  passes  through  a  quarter  wave  plate 
which  renders  the  beam  circularly  polarized.  One  polarization  component  is  de¬ 
flected  by  the  calcete  Glan-Thompson  prism  and  serves  as  the  local  oscillator  beam. 

The  other  component  passes  through  the  prism  to  the  target.  The  lens  couple  and  the 
rotating  mirror  provide  a  beam  that  translates  in  the  horizontal  plane.  This  beam 
is  expanded  in  the  vertical  plane  by  means  of  a  cylindrical  telescope  so  that  it 
provides  a  vertical  strike  beam  that  illuminates  the  entire  vertical  extent  of  the 
target.  The  reflected  beam  passes  back  through  the  transmitting  optics  and  the 
polarizing  prism.  It  then  passes  through  the  quarter  wave  plate,  reflects  off  the 
laser  output  mirror,  and  after  passing  through  the  wave  plate  again,  is  restored 
to  the  same  state  of  polarization  as  the  local  oscillator  beam.  It  is  then  de¬ 
flected  by  the  prism  and  is  focussed,  together  with  the  local  oscillator  beam  on  aPIW 
diode  detector.  This  homodyne  scheme  has  the  advantage  of  being  self -aligning. 
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The  target  itself  consisted  of  a  5  cm  diameter  cylinder  upon  which  was  cemeted 
an  array  of  pieces  of  reflecting  tape.  The  cylinder  axis  was  horizontal  and  the 
target  was  rotated  about  this  axis  at  a  rate  of  0.5  rps.  Due  to  the  vertical  ex¬ 
pansion  of  the  beam,  the  individual  reflecting  elements  could  not  be  resolved  in 
the  vertical  direction  by  normal  imaging.  Since  the  doppler  shift  is  proportional 
to  the  distance  from  the  axis,  however,  resolution  could  be  achieved  by  doppler 
processing.  The  horizontal  resolution  was  provided  by  the  horizontal  scan  of  the 
beam. 

The  heterodyne  signal,  after  passing  through  an  appropriate  preamplifier,  was 
applied  to  a  low  frequency  spectrum  analyzer.  The  scan  of  the  spectrum  analyzer 
was  synchronized  with  the  rotation  of  the  target.  The.  output  of  the  spectrum  analyzer 
was  used  to  modulate  the  intensity  of  a  Tektronix  5^9  storage  oscilloscope.  The 
horizontal  sweep  of  the  oscilloscope  was  synchronized  with  the  spectrum  analyzer 
sweep.  The  vertical  deflection  of  the  oscilloscope  was  driven  with  the  same  saw¬ 
tooth  signal  that  was  used  to  drive  the  scanning  mirror.  The  amplitude  of  the 
signal  was  adjusted  so  that  the  beam  traversed  nearly  the  whole  face  of  the  oscillo¬ 
scope  during  the  scan  of  the  laser  beam  across  the  target.  Using  this  system, 
a  well  defined  image  of  either  the  upper  half  or  the  lower  half  of  the  target  could 
be  obtained.  (Only  one  half  of  the  target  could  be  observed  at  a  time  since  the 
spectrum  analyzer  cannot  distinguish  positive  and  negative  doppler  shifts  without 
a  frequency  offset  of  the  local  oscillator  beam).  In  addition  to  the  doppler 
ambiguity,  this  system  suffers  from  a  high  noise  level  due  to  the  low  frequency 
fluctuations  in  the  laser  output  and  low  frequency  noise  in  the  detection  system. 

The  next  system  that  was  investigated  is  shown  in  Fig.  IV-2.  Here  the  L0  signal 
is  derived  as  previously.  The  second  quarter  wave  plate  causes  the  polarized  com¬ 
ponent  of  the  return  signal  to  be  deflected  at  the  opposite  side  of  the  prism 
interface.  In  this  configuration,  the  signal  and  L0  beam  are  spatially  separated 
so  that  they  can  be  modified  independently.  The  signal  beam  was  passed  through  an 
acoustic  modulator  that  was  driven  at  a  frequency  of  40  MHz,  and  a  power  level  of 
about  1  watt.  This  modulator  shifted  the  frequency  of  the  signal  beam  by  40  MHz 
with  an  efficiency  of  approximately  80$.  The  signal  and  LO  beam  were  then  recombined 
on  a  beamsplitter  and  detected  by  a  PIN  photodiode.  The  output  of  the  PIN  diode 
was  fed  to  a  low  noise,  high  input  impedance  FET  preamplifier,  and  then  to  a 
Tektronix  1L20  spectrum  analyzer.  The  signal  level  and  the  impedance  of  the  pre¬ 
amplifier  were  such  that  the  dominant  noise  source  was  the  shot  noise  of  the  LO 
beam,  a  condition  necessary  to  achieve  optimium  signal  to  noise  ratio.  The  output 
of  the  spectrum  analyzer  was  used  to  intensity  modulate  the  beam  of  the  storage 
oscilloscope  as  has  been  described  previously. 

Using  this  system,  well  defined  images  of  the  reflector  array  on  the  target  could 
be  obtained.  Typical  images  are  shown  in  Fig.  IV-3.  In  the  upper  image,  the 
upper  and  lower  edges  of  the  target  were  not  adequately  illuminated  by  the  vertical 
fan  beam.  The  lower  image  shows  essentially  the  entire  front  face  of  the  target 
presented  to  the  transmitter.  The  reflectivity  pattern,  as  can  be  seen,  consisted 
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of  two  rows  of  alternating  square  patches  and  one  triangular  patch.  The  hori¬ 
zontal  and  vertical  axes  of  the  image  are  reversed  with  respect  to  the  physical 
axes  of  the  target.  The  vertical  axis  of  the  image  corresponds  to  the  horizontal 
scan  of  the  laser  beam  and  resolution  in  this  direction  is  provided  by  the  scanning 
of  the  beam.  The  horizontal  axis  of  the  image  corresponds  to  the  vertical  axis 
of  the  target  and  resolution  in  this  direction  is  provided  by  the  doppler  processing 
done  in  the  spectrum  analyzer.  The  vertical  line  running  through  the  image  is  a 
result  of  a  small  amount  of  feed  through  from  the  modulator  driver  and  identifies 
the  zero  doppler  shift  point  (the  axis  of  the  target).  Each  of  the  horizontal  lines 
in  the  image  correspond  to  a  single  sweep  of  the  spectrum  analyzer.  The 
doppler  spread  in  these  images  was  approximately  ±  200  KHz. 

These  images  clearly  demonstrate  the  very  good  spatial  resolution  that  can  be 
obtained  by  doppler  processing  (the  width  of  the  reflective  patches  in  the  vertical 
or  doppler  direction  was  about  0.5  cm).  This  resolution  could,  of  course,  have  been 
obtained  by  normal  imaging  in  the  laboratory  situation,  but  the  resolution  obtained 
by  doppler  processing  in  independent  of  range. 

The  next  step  in  the  investigation  will  be  to  use  range-doppler  processing  to 
obtain  two  dimensional  images  rather  than  the  scan-doppler  processing  used  above. 
This  investigation  will  use  the  short  pulses  obtainable  from  a  mode-locked  Nd:YAG 
laser  to  provide  the  down-range  resolution.  The  simplest  possible  scheme,  and  the 
one  that  will  be  used  for  the  initial  experiments  is  shown  in  Fig.  IV-4.  Here  the 
scanning  mirror  is  replaced  by  the  scanning  optical  delay  line.  In  this  configura¬ 
tion  the  transmitting  optics  will  be  arranged  to  illuminate  the  entire  target  with 
the  stationary  output  beam.  The  remainder  of  the  system  will  be  similar  to  that 
shown  in  Fig.  17-1.  Using  this  system  one  will  obtain  a  range-doppler  image  on  the 
storage  oscilloscope. 

These  initial  systems  are  quite  inefficient  from  the  standpoint  of  the  use  of 
the  received  optical  energy.  The  spectrum  analyzer  processes  the  various  frequency 
components  of  the  return  signal  sequentially  with  consequent  loss  of  signal  to 
noise,  i.e.,  while  it  is  looking  at  one  frequency  resolution  element,  all  the  energy 
received  in  the  others  is  ignored.  The  holographic  type  processing  discussed  in 
Section  III  does  not  suffer  from  this  problem.  A  similar  situation  occurs  with 
•the  scanning  delay  system  shown  in  Fig.  IV-4.  It  is  expected  that  a  considerable 
part  of  the  effort  in  the  next  phase  of  the  contract  will  be  devoted  to  the  investi¬ 
gation  of  more  efficient  signal  processing  techniques. 


IV- 5 


L92C&79-36 


17-1.  Massey, 
Optics  4 


67 


REFERENCE 


G.  A.:  Photomixing  vith  Duffusely  Reflected  Light.  Appl 
,  pp.  781-784,  July  1965. 


IV -6 


HOXV^HlQ 


INITIAL  DOPPLER  RESOLUTION  SYSTEM 


L920479-36 


69 


FiG.nr-2 


DOPPLER  RESOLUTION  SYSTEM 


TO  SPECTRUM  ANALYZER 
AND  DISPLAY  SYSTEM 


L920479-36 


70 


FIG.TZ- 


IMAGES  OF  LABORATORY  TARGET 


SCANNING 

BEAM 


DOPPLER  RESOLUTION 


SCANNING 
BEAM 

-  200  KHz - *-)-« -  200  KHz- 


DOPPLER  RESOLUTION 


SCHEMATIC  RANGE-DOPPLER  SYSTEM 


L920479-36 


72 


APPENDIX  I 
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A  Single-Frequency,  Traveling  Wave 
Nd:YAG  Laser 

by 

A.  R.  Clobes  and  M.  J.  Brienza 
United  Aircraft  Research  Laboratories 
East  Hartford,  Connecticut  06108 

ABSTRACT 

Single-frequency  operation  of  a  cw  pumped  Nd:YAG  laser  was  achieved  by  using 
a  ring  cavity  configuration  containing  a  small  differential  loss.  The  resulting 
unidirectional  traveling  wave  eliminated  spatial  hole  burning,  and  the  output 
of  the  laser  was  at  a  single-frequency. 


L920479-36 


74 


A  Single-Frequency,  Traveling  Wave 
NdrYAG  Laser 

by 

A.  R.  Globes  and  M.  J.  Brienza 
United  Aircraft  Research  Laboratories 
East  Hartford,  Connecticut  06108 

Although  the  Nd:YAG  laser  transitions  are  homogeneously  broadened,  spatial 
hole  burning  arising  from  standing  waves  in  the  laser  cavity  cause  the  output 
of  the  laser  to  be  multifrequency.  Previous  methods  of  achieving  single-frequency 
operation  in  the  NdtYAG  laser  involve  the  use  of  intracavity  etalon  mode  selectors2^ 
movement  of  the  laser  rod  relative  to  the  standing  wave  pattern  \  or  movement  of 
the  cavity  standing  wave  pattern  relative  to  the  laser  rod5. 

In  the  work  to  be  described,  singlerfrequency  operation  of  a  cw  pumped  Nd:YAG 
laser  was  achieved  by  using  a  ring  cavity  configuration  containing  a  small  differentia 

g 

loss  •  The  resulting  unidirectional  traveling  wave  eliminated  spatial  hole  burn¬ 
ing,  and  the  output  of  the  laser  was  at  a  single-frequency. 

The  laser  cavity  configuration  used  in  the  experiments  is  shown  in  Fig.  1. 

A  rectangular  4  mirror  cavity  was  used  for  most  of  the  experiments,  although  a 
3  mirror  triangular  cavity  worked  equally  well.  With  the  rectangular  cavity, 
three  mirrors  were  coated  for  maximum  reflectance,  (one  having  a  10  m  radius  of 
curvature),  and  the  fourth  was  either  a  98  or  95  percent  reflecting  output  mirror. 

The  c/l  cavity  frequency  was  310  Mil z.  An  ins  was  used  to  achieve  single  transverse 
mode  operation.  A  5  x  50-mm-Brewster-ended  Nd:YAG  rod  was  pumped  with  either  a 
single  Krypton  arc  or  a  tungsten  filament  lamp  in  an  elliptical  cavity. 
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The  intracavity  diiferential  loss  is  based  on  the  use  of  a  Faraday  rotator, 

consisting  of  a  5  cm  length  of  fused  quartz  in  a  solenoid  generated  axial  magnetic 

field,  and  a  half-wave  plate.  The  Faraday  element  rotated  the  cavity  plane  of 

polarization  (defined  by  the  Brewster- ended  Nd:'iiAG  rod),  by  a  small  angle  ±6; 

the  sign  being  dependent  on  the  propagation  direction  and  polarity  of  the  magnetic 

field.  The  half-wave  plate  was  oriented  with  one  of  its  axis  at  an  angle  g/2  with 

respect  to  the  cavity  plane  of  polarization.  The  magnetic  field  was  such  that  for 

a  wave  traveling  in  the  clockwise  (cw)  direction,  the  half-wave  plate  rotated  the 

plane  of  polarization  by  an  angle  g  and  the  Faraday  cell  by  an  angle  +  9,  so  that 

the  total  rotation  was  (  g  +  9  ),  while  the  counterclockwise  (ccw)  wave  experienced 

a  rotation  of  (  g  -  9  ).  Thus,  the  single  pass  intensity  loss  in  the  two  waves,  on 

passing  through  the  Brewster  face  of  the  laser  rod,  was  proportional  to  sin2  (  g  +  9  ) 
2 

and  to  sin  (9.9)  for  the  cw  and  ccw  wave,  respectively.  The  differential  loss, 

A loss,  between  the  counter  rotating  waves  was  then: 

2  2 

Aloss  cv  sin  (  g  +  9  )  -  sin  (  3  -  9  )  »  k  ge 
With  the  differential  loss,  the  two  counter  circulating  traveling  waves  were 
unstable;  the  wave  with  the  lower  loss  increases  in  amplitude  at  the  expense  of  the 
wave  with  the  higher  loss  which  therefore  vanished^  resulting  in  a  unidirectional 
output  from  the  laser,  in  this  case,  the  ccw  direction.  For  a  maximum  power  output 
the  half-wave  plate  and  the  intensity  of  the  magnetic  field  on  the  Faraday  rotator 
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are  adjusted  so  that  g  =  9 ,  Then  the  entire  loss,  proportional  to  4  e  ,  is 
experienced  only  in  the  cw  direction,  leaving  the  ecu  direction  unattenuated.  The 
resulting  unidirectional  traveling  wave  eliminated  spatial  hole  burning  and  the 
homogeneously  broadened  line  of  the  Nd:YAG  laser  oscillated  in  a  single  longitudinal 
mode. 

The  output  of  the  laser  was  examined  with  an  8  GHz  free  spectral  range  scanning 
Fabry-Perot  interferometer  with  a  sweep  rate  of  2.0  GHz/msec.  In  addition,  single¬ 
frequency  operation  of  the  laser  was  verified  by  detecting  the  laser  output  with  a 
high-speed  photodiode,  the  output  of  which  as  displayed  on  a  wideband  spectrum 
analyser  (HP  Model  8551B).  Absence  of  all  rf  cavity  beat  frequencies  confirmed 
single-frequency  operation.  The  total  output  power  was  measured  with  a  calibrated 

thermop ile . 

Shown  in  Fig.  2  is  a  Fabry-Perot  display  of  the  laser  output.  With  no 
magnetic  field  on  the  Faraday  rotator,  the  laser  output  was  multifrequency  covering 
a  range  of  approximately  1  GHz.  This  relatively  narrow  oscillating  line  width  is 
characteristic  of  the  ring  laser  with  a  Brewster-ended  Nd:YAG  rod.  The  axis  of  the 
flat-ended  Faraday  cell  and  the  half-wave  plate  were  misaligned  relative  to  the 
optical  beam  so  that  neither  of  these  elements  was  a  mode  selecting  etalon.  With 
a  magnetic  field  of  100  gauss,  single-frequency  output  was  obtained  in  one  direction, 
with  the  residual  power  output  in  the  reverse  direction  at  least  30  db  lower. 
Fabry-Perot  inspection  of  the  residual  output  confirmed  that  it  also  was  at  a 
single-frequency.  The  applied  magnetic  field  on  the  Faraday  element  rotated  the 
plane  of  polarization  of  one  traveling  wave  by  approximately  20  minutes,  and  the 
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resulting  single-pass  differential  loss  was  less  than  .01  percent.  The  modest 
magnetic  field  required  for  single -frequency  operation  are  well  within  the 
capabilities  of  small  permanent  magnets.  Reversal  of  the  polarity  of  the  magnetic 
field  reversed  the  direction  of  oscillation  of  the  laser. 

Increased  amplitude  and  frequency  stability  of  the  single-frequency,  traveling- 
wave  laser  relative  to  a  multifrequency  laser  was  also  observed.  A  typical  frequency 
stability  over  a  10-second  time  period  was  better  than  80  MHz,  and  the  amplitude 
stability  over  the  same  time  period  was  better  than  2  percent. 

The  single-frequency  power  output  of  the  laser  was  greater  than  the  total 
multifrequency  power  output  previously  obtained  in  both  directions;  the  only  experi¬ 
mental  difference  being  the  presence  or  absence  of  the  magnetic  field  on  the 
Faraday , cell .  The  amount  of  increase  depended  on  the  pumping  level.  For  the  pump 
level  near  threshold,  the  single-frequency  power  was  approximately  lg  times  the 
total  multifrequency  output  while  for  high  pump  levels  the  increase  was  approximately 

10  percent.  This  increase  of  output  power  in  going  from  a  standing  to  a  traveling 

T  8 

wave  condition  at  the  low  pump  levels  had  been  predicted  by  J.  A.  White  *  .  The 
fact  that  the  power  output  of  the  laser  increases  from  the  multifrequency  to  the 
single-frequency  operation  verifies  that  it  was  possible  to  attenuate  one  of  the 
traveling  waves  without  attenuating  the  counter  rotating  component.  Single-frequency, 
cw,  fundamental  transverse  mode  power  output  of  3/4  watt  was  readily  achieved  from 
this  laser  with  an  input  power  of  2,100  watts  into  the  Krypton  arc  lamp. 
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A  Brewster-ended  laser  rod  was  necessary  for  the  operation  of  the  single¬ 
frequency,  traveling  wave  ring  laser  in  order  to  eliminate  etalon  effects  of  a 
flat-ended  laser  rod  which  occur  even  though  the  ends  of  such  a  rod  are  anti¬ 
reflection  (  <  .2  percent  reflectance)  coated.  The  etalon  properties  of  a  flat- 
ended  laser  rod  were  apparent  in  a  Fabry-Perot  display  of  the  laser  output  where 
it  was  observed  that  the  optical  modes  of  such  a  laser  were  spaced  by  multiples  of 
the  c/2nt  frequency  of  the  rod.  The  existence  of  the  etalon  effect  implies  a 
standing  wave  in  the  laser  rod  which  we  found  could  not  be  completely  eliminated 
even  by  placing  a  differential  loss  element  in  a  ring  cavity.  At  best,  two  mode 
unidirectional  operation  of  the  laser  resulted  in  which  the  modes  were  separated  by 
the  c/2nf,  frequency  of  the  laser  rod.  The  power  output  of  one  mode  was  typically 
3  to  5  times  the  power  output  of  the  second  mode. 

Since  Nd:YAG  is  an  effective  Faraday  rotator  in  an  axial  magnetic  field,  the 

laser  rod  itself  was  used  as  the  differential  loss  element  with  the  reciprocal 

rotation  which  previously  was  provided  for  by  the  half-wave  plate,  now  provided  by 

9 

the  induced  birefringence  in  the  laser  rod.  A  1,500  watt  tungsten  filament  lamp 
was  used  as  the  optical  pump  while  the  magnetic  field  was  generated  by  a  solenoid 
wrapped  around  the  pump  cavity.  A  magnetic  field  of  200  gauss  was  adequate  to 
achieve  single-frequency  operation.  The  use  of  the  laser  rod  as  the  differential 
loss  element  resulted  in  a  very  simple  cavity  configuration,  since  no  additional 


intracavity  optical  elements  were  required. 


79 


L920479-36 

Q-switched  operation  of  the  single-frequency  Nd:YAG  laser  by  means  of  an 
acousto-optic  Bragg  cell  has  also  been  achieved.  The  acoustic  cell  was  fabricated 
of  flint  glass  with  a  bonded  transducer,  operating  at  40  MHte.  The  acoustic  cell 
when  placed  in  an  axial  magnetic  field  served  as  both  a  Q-switching  element  and  a 
Faraday  rotator.  In  the  initial  experiments,  single-frequency  Q-switching  pulses 
having  a  peak  power  of  300  watts  and  0.5  jx  sec  duration  were  obtained. 

The  authors  would  like  to  thank  A.  J.  DeMaria  for  his  encouragement  and  to 
C.  Bardons  for  his  technical  assistance. 
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FIGURE  CAPTIONS 


Single-frequency,  traveling-wave  Nd:YAG  laser  cavity 
configuration . 

Fabry-Perot  display  of  laser  output.  8  GHz  free  spectral 
range . 

(a)  Unidirectional  operation,  B  =  100  gauss  20  mv/div 
vertical  scale. 

(b)  Bidirectional  operation,  B  =  0  20  mv/div  vertical 
scale. 
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FIG.  A-l 


